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Die Vermehrung des Influenza A Virus umfasst, neben anderen wichtigen Schrit-
ten, die Transkrption der viralen mRNA und die ribosomale Translation der viralen 
Proteine.  
Mit großem Aufwand wurde bereits an der Entwicklung von Methoden zur Unter-
suchung des zeitlichen Verlaufs der Synthese viraler mRNA während des Vermeh-
rungszyklusses in der Wirtszelle geforscht. In der vorliegenden Arbeit wurden 
sequenzspezifische FIT-PNA-Sonden, welche einen einzelnen, als künstliche fluo-
reszente Nukleobase dienenden Interkalator tragen, auf die quantitative RT-PCR 
sowie die Lebendzellmikroskopie angewandt. Die FIT-PNA-Sonden bieten dabei 
eine hohe Sensitivität und eine enorme Zielspezifität unter nicht-stringenten Hyb-
ridisierungsbedingungen.  
Im Speziellen wurden FIT-PNA Sonden mit Sequenzspezifität zur mRNA der Neu-
raminidase und des Matrixproteins 1 entworfen und untersucht. Die somit erhal-
tenen Ergebnisse besitzen eine hohe biologische Relevanz und weisen diese Son-
den als vielversprechende Methodik in der Virologie und der Zellbiologie aus. Ihre 
Anwendung konnte bereits auf das Vesikular Stomatitis Virus ausgeweitet wer-
den. 
Die Kombination aus biologischer Expertise mit modernen Proteomstudien und 
detaillierten statistischen Analysen ermöglichte einen systemumfassenden Blick 
auf die durch eine Infektion bedingten Auswirkungen auf die Wirtszelle. Die Mar-
kierung von Aminosäuren mit stabilen Isotopen in Zellkultur wurde hierfür be-
nutzt. Es wurden Proben zu verschiedene Zeitpunkten im Infektionszyklus in die 
Untersuchungen einbezogen, um zeitaufgelöste Detailstudien der zellulären Pro-
teinbiosynthese und Degradation durchzuführen.  





Replication of the influenza A virus involves, amongst other critical steps, the 
transcription of viral mRNA and ribosomal translation of viral proteins.  
Significant efforts have been devoted to the development of methods that allow 
the investigation of viral mRNA progression during the replication cycle inside the 
host cell. In the present thesis sequence specific FIT-PNA probes which contain a 
single intercalator serving as artificial fluorescent nucleobase were introduced for 
quantitative RT-PCR and live cell imaging. FIT-PNAs provide for both high sensi-
tivity and high target specificity at non-stringent hybridisation conditions (where 
both matched and mismatched probe-target complexes coexist). In particular, 
FIT-PNAs specific to the neuraminidase and matrix protein 1 were successfully 
designed and examined. The obtained results are of high biological importance 
and suggest the FIT-PNA technique as promising tool in the field of virology and 
cell biology as this approach was readily applied to Vesicular Stomatitis Virus as 
well.   
By combining biological expertise with modern high throughput quantitative pro-
teomics and detailed statistical analysis a system wide view of the effects and 
dynamics of the early H1N1 infection on the cell proteome was generated. Stable 
isotope labelling of amino acids in cell culture (SILAC) was employed to globally 
track changes in gene expression at the protein level. Furthermore, samples at 
various time points post infection enabling a more detailed time-resolved analysis 
of host cell protein biosynthesis and degradation during the infection cycle were 
included. As a result the specific expression characteristics of single genes and 
functional gene subsets in response to viral infection were bioinformatically ana-
lysed. 
 





Ac acetyl Mg+ magnesium 
Aeg aminoethylglycine mg, ng micro gram(s), nano gram 
BO pyridinium benzothiazole min minute(s) 
BSA bovine serum album ml, µl milli litre, micro litre 
°C degree Celsius M1 matrix protein 1 
Ca2+ calcium NA neuraminidase 
Dabcyl 4(dimethylaminoazo)benzene-
4-carboxylic acid 
NaCl natrium chloride 
DAPI 4',6-diamidino-2-phenylindole NP nucleoprotein 
dd H2O double destilled water PCR polymerase chain reaction 
DMEM Dulbecco`s modified eagle 
medium  
PEG polyethylenglycol 
DMSO dimethylsulphoxide pH potentia hydrogenii 
DNA deoxyribonucleic acid p.i. post infection 
DPBS Dulbecco`s phosphate buff-
ered salt solution 
PNA Peptide Nucleic Acid 
DTT dithiothreitol rev reverse 
fwd forward SFV Semliki Forest Virus 




HCl hydrochlorid acid TO  thiazole orange 
mM, nM milli molar, nano molar U unit 
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The free online database PubMed administrated by the U.S. National Library of 
Medicine (NLM) as part of the National Institute of Health (NIH, U.S.A.) hosts the 
worldwide largest comprehension of abstracts in life sciences and biomedical 
research. The entry term “influenza” gives more than 61,400 results demonstrat-
ing the high significance of influenza virus research. 
In addition, other numbers connected to this viral genus, like 3 to 5 million cases 
of disease in the two annual flu seasons (each per hemisphere) with more than 
500,000 deaths or pandemic outbreaks with up to 80 million fatalities (1918), 
render any further explanation for the importance and urgency of intensive inves-
tigation on influenza virus. 
Influenza virus belongs to the virus family of Orthomyxoviridae. This Greek term 
describes the main characteristic phenotype of influenza caused illnesses by 
combining standard (= ortho) and mucus (myxo) [1]. In general, influenza virus-
es affect the upper and lower respiratory tract. Traditionally, viruses have been 
classified by the implemented disease due to the lack of knowledge about viruses 
themselves. The aforementioned virus family is consisted of influenza A, B and C 
virus, the Togotovirus and recently suggested the infectious salmon anaemia vi-
rus [2].  
This introductory part will focus on influenza A virus first by a short portrait of 
the genetic and structural properties. In the following, the impact of the virus on 
the host cell as well as the pandemic risk classification will be discussed. 
Particular attention will be paid on the replication cycle of influenza A virus with 




1.1 BIOLOGY OF INFLUENZA A VIRUS  
The genome of influenza A virus consists of 8 segments composed of single-
stranded RNA in negative sense orientation [1]. The viral RNAs (vRNAs) are 
packed in ribonucleoprotein (RNP) complexes and function as templates for the 
messenger RNA (mRNA) and the complementary RNA (cRNA) synthesis.  
Antigenic variations in the sequence of the 2 major surface proteins, hemaggluti-
nin (HA) and neuraminidase (NA), are the reason for the influenza A virus stand-
ard nomenclature. There are 16 HA variants and 9 NA variants known [3, 4]. Due 
to host restrictions only 6 subtypes (H1N1, H2N2, H3N2, H5N1, H7N7 and H9N2) 
have been isolated from humans [1]. 
The virions exhibit a pleiomorphic shape built up by a lipid envelope which is 
derived from the host`s membrane as a result of the budding process. Virus 
morphology can range from spherical shape with a diameter of 100 nm to fila-
ment with a length in excess of 300 nm. There are indications, that the viral pro-
teins [5-8] and conversely the host cell type [9] influence the physiological ap-
pearance of the virion morphology. A common feature are the embedded 
proteins, the HA, NA and the matrix protein 2 (M2), which are anchored by short 
hydrophobic amino acid sequences. Beneath the lipid envelope the viral matrix 
protein 1 (M1) forms a protein layer [10], the virion core. Apart from M1, the 
nucleoprotein (NP) is the most abundant protein in the virion and interacts with 
the sugar-backbone of the vRNA molecules in a 1 monomer to 20 nucleotides 
ratio [11]. It is assumed that the polymerase complex (subunits PB1, PB2 and 
PA) is linked to the higher ordered structure (e.g. supercoils) formed by the 
vRNAs [12, 13]. The non-structure protein (NS2, also NEP) plays a minor role 
inside the virion but is responsible for the nuclear export of the viral genome 
segments [14]. The last out of ten viral proteins is a non-structural protein (NS1) 
which has major influence on the regulation of influenza A replication and the 





1.2 GENOME AND PROTEOME OF INFLUENZA A VIRUS 
Except the segments 2, 7 and 8 all of the influenza A virus genes are in 
monocistronic organisation. The segments are ordered by their sequence length. 
Segment 1: 2341 nucleotides (Basic Polymerase Protein 2 – PB2) 
The polymerase subunit PB2 exhibits a nuclear localisation signal in order to fulfil 
its function related to the viral transcription and replication inside of the cellular 
nucleus [15]. The characteristic cap-snatching mechanism is mediated by the 
PB2 [16, 17]. In particular, the cap-binding site is localised at the carboxyl termi-
nal end. In concert with its endonuclease activity it uses cellular cap-structures to 
provide primers for the viral transcription [18]. Furthermore, the PB2 contains 
binding sites for the PB1 subunit at its amino terminus. Additional binding se-
quences for the NP are supposed to function for regulatory purposes [19].  
Segment 2: 2341 nucleotides (Basic Polymerase Protein 1 – PB1) 
PB1 contains the 4 conserved amino acid motifs of RNA-dependent RNA poly-
merases and thus represents the functional protein for RNA polymerization [20]. 
The binding sites for PA and PB2 are located at the amino- and the carboxyl ter-
minal end, respectively [21], indicating that PB1 exhibits a central role for the 
assembly of the polymerase complex and its function. Interestingly, in some in-
fluenza A strains an alternative open reading frame encoding for the accessory 
protein PB1-F2 can be found. This exhibits pro-apoptotic activity in host immune 
cells [22]. 
Segment 3: 2233 nucleotides (Acidic Polymerase Protein – PA) 
The smallest subunit PA is a phosphorylated protein [23] which function is re-
stricted to the nucleus and the presence of the whole polymerase complex. It is 
suggested that PA has helicase and ATP-binding activity and is required for PB1 
accumulation in the nucleus [24, 25]. Inside of the nucleus the PA subunit induc-





Segment 4: 1778 nucleotides (Hemagglutinin – HA) 
HA is the most prominent and best studied influenza A protein. It mediates the 
binding of the virus to sialic acid residues on the cell surface and the fusion of 
the viral with the endosomal membrane. Segment 4 encodes for a precursor pol-
ypeptide HA0 which is cleaved by serine proteases into the HA1 and the HA2 sub-
units which remain linked by a disulfide bound. This posttranslational process is 
essential for the conformational change of the HA. This is triggered by low-pH 
conditions inside the late endosome and leads to exposition of the fusion peptide 
which is situated at the amino terminal end of HA2 [27]. Attachment to the host 
is mediated by the pocket region localised at the globular head of the HA1 subu-
nit which therefore alters the host specificity [28]: a discrimination between ɑ-
2,3- (avian) and ɑ-2,6- (human and avian) linkages of the sialic acid and galac-
tose is caused by one amino acid residue (glutamine or leucine at position 226, 
respectively). On the contrary, the HA2 portion exhibits the fusion activity [29]. 
HA is organized in the viral lipid-envelope as a homotrimeric transmembrane pro-
tein. 
The attention for HA is also contributed to the susceptibility for neutralizing anti-
bodies and the effect on the pathogenicity of the virus subtype [30].  
Segment 5: 1565 nucleotides (Nucleoprotein – NP) 
As an essential component of the ribonucleoprotein complex the NP binds via an 
RNA-binding domain in a non-sequence dependent manner to the vRNAs [31]. 
This binding is assumed to regulate the switch from the transcription to the repli-
cation mode as NP may act as an anti-termination control factor [32]. Nuclear 
localisation signals within the NP amino acid sequence indicate that this shuttle 
protein is involved in the transport of viral RNP complexes into the cellular nucle-





Segment 6: 1413 nucleotides (Neuraminidase – NA) 
The glycosylated homotetrameric [36] NA is not required for virus entry, replica-
tion and assembly [37] but plays an important role in the very late stage of the 
infection cycle which is the detachment of novel synthesized virus particles from 
the host cell membrane [38]. The cleavage of an ɑ-ketosidic linkage between a 
terminal sialic acid and a neighbouring D-galactose or D-galactoseamine residue 
of cell-surface glycoproteins or gangliosides, respectively, prevents virions from 
aggregation on the cell surface [38]. Likewise the NA removes sialic-acid residues 
from the viral envelope in order to prevent self-accumulation and thus enhances 
infectivity [38]. Host anti-NA antibodies or NA inhibitors (e.g. oseltamivir carbox-
ylate) prevent viral replication. Each NA monomer is composed of 4 structural 
domains: a globular head, a stalk, a transmembrane domain and a cytoplasmic 
domain [36]. The latter is thought to influence the (neuro-) virulence (glycosyla-
tion site at position 130 [39]) and virion morphology [7]. Matrosovich et al. 2004 
experimentally evidenced the essential role of NA also for virus invasion of the 
ciliated human airway epithelium. Removal of decoy receptors prevents strong 
binding of the virion to non-target cells which would impede virus access to tar-
get cells [40]. 
Segment 7: 1027 nucleotides (Matrix proteins – M1 and M2) 
The mRNA of segment 7 is bicistronic: while M1 is a direct transcript, M2 is pro-
duced by using an alternative splicing site [10, 41].  
Several functions of M1 are described: inhibition of viral transcription [42], assis-
tance of vRNP nuclear export [33, 43], support of the NP self-assembly into the 
helical structure of the vRNP [44], and involvement in virus assembly and bud-
ding process [6, 8]. It is assumed that the amino-terminus where the nuclear 
localisation signal is encoded is responsible for self-polymerization and membrane 




In contrast to M1, M2 appears as a homotetrameric transmembrane protein [46] 
embedded in the viral envelope. M2 functions as an ion channel [47] and regu-
lats the pH inside the virus particle when incorporated in endosomes. Internal 
acidification causes the dissociation of the vRNPs from the M1 [33], a process 
termed uncoating, that allows the viral genome to enter the host nucleus. This 
step in the viral infection cycle is a target for antiviral therapies blocking further 
replication [48-50]. The impact of the transmembrane domain of M2 for an effi-
cient replication is still under discussion [51, 52]. 
Segment 8: 890 nucleotides (Nonstructural proteins – NS1 and NS2) 
Analogue to segment 7 the mRNA transcribed from segment 8 is as well bis-
cistronic. Therefore, the NS2 protein is an alternative splicing variant of the NS1 
mRNA [53]. 
The only absolute non-structural viral protein NS1 binds to a wide range of RNA 
molecules [54] indicating its functional influence on splicing of mRNAs, cellular 
and viral transcription [55], cellular mRNA export [54] and adenylation [56] as 
well as viral mRNA translation [57, 58]. NS1 activity might result in decreased 
susceptibility to cellular antiviral defence mechanisms [59]. 
The description “non-structural protein NS2” is misleading because it exhibits a 
binding domain specific to M1 at its carboxyl-terminal end and is incorporated at 
low amounts into the virion [60]. O´Neill et al. 1998 [14] suggested to rename it 
in “nuclear export protein (NEP)” with reference to the presence of a nuclear 




1.3 REPLICATION OF INFLUENZA A VIRUS  
 
Figure 1: Replication cycle of influenza A virus (taken from www.qiagen.de).                
Recognition of ubiquitous exposed sialic acid residues on the cell surface by the viral HA 
allows attachment of the virus particle to the host cell surface. This is followed by the 
uptake of the virus into the endosome. After uncoating, the viral ribonucleoparticles are 
delivered into the host cytoplasm and subsequently into the nucleus where transcription 
and replication take place. Translation occurs on free and membrane-associated ribo-
somes. Self-assembly of viral proteins leads to the budding of progeny influenza A virus 






Due to the requirement of cellular resources, the vRNPs are trafficked to the nu-
cleus hijacking the cellular import machinery. For this purpose, the viral proteins 
carry nuclear localisation signals, as aforementioned.  
The nucleus represents the place of action for both, the transcription of capped 
and polyadenylated viral mRNA and the replication producing antigenomic viral 
cRNA molecules and progeny vRNP complexes [62]. The templates are still the 
negative-stranded vRNAs. They all exhibit conserved motifs at their endings: 12 
bases at the 3´end and 13 bases at the 5´end showing partly inverted comple-
mentation. These sequences are thought to interact with each other forming 
hairpin shaped structures [63]. Whereas cRNA molecules are exact and full 
length copies of the complementary vRNAs [64], the viral mRNA lacks circa 17 
nucleotides at the 3´end (complementary to 5´end of the corresponding vRNA) 
[65]. The afore described nuclear export mechanisms involving the NP, M1 and 
NS2 [35, 45, 61] are restricted to mRNA and vRNA whereas the cRNA stays in 
the nucleus for the entire replication process [66]. 
Transcription of influenza A virus 
One fundamental aspect of influenza A virus transcription initiation is the cap-
snatching from cellular mRNA molecules by the endonuclease activity of the PB2 
polymerase [18]. These 10 to 15 nucleotides are used as primers for the com-
plementary strand synthesis [67] and protect the viral mRNA from endonucleolyt-
ic degradation [68]. In addition, a successful initiation of transcription also re-
quires a specific secondary structure of the promoter sequence [11, 69] 
indicating that sequences at both ends of the cRNA molecule are necessary.  
Simultaneously to the cellular termination an uracil rich sequence in close prox-
imity to the template`s 5´ end produces the synthesis of a poly(A) tail finishing 
transcription [65]. Plotch et al. 1977 demonstrated the host-independency of viral 
mRNA polyadenylation by in vitro experiments [70]. The poly(A) tail and the cap 
structure are essential features of mRNA molecules with respect to nuclear ex-




As transcription is a selective process, the appearance of individual viral mRNA 
species varies during the time course of infection. An early and a late transcrip-
tion can be distinguished. While in the first step the synthesis of all 8 mRNA spe-
cies occurs equally, preferentially the NS1 and NP mRNAs are transcribed at the 
beginning of the late transcription. Shapiro et al. 1988 evidenced the early syn-
thesis of NS1 mRNA with respect to the delayed presence of M1 mRNA [66].  
Replication of influenza A virus 
The formation of copy RNA in full length requires neither primer sequences nor 
polyadenylation [64]. Generally, the key question how the virus facilitates the 
regulation of transcription versus replication was under strong discussion sug-
gesting viral as well as cellular factors [66, 72]. Even the degradation of novel 
synthesized cRNA molecules without bound viral RNA polymerase or the viral NP 
[73] might result in the switch to the replication mode. 
Recently, Olson et al. 2010 presented a comprehensive description of the under-
lying regulative interactions. The process involves the polymerase, the three viral 
RNA species, and the cap structure, consequently ending up in a complex inter-






Figure 2: How influenza A virus controls the switch from transcription to replication 
mode. (taken from Olson et al. 2010) The transcriptional mode is maintained by in-
creased concentrations of cap source, whereas increased concentrations of vRNA and 
viral polymerase will lead to a switch toward replication. Encircled plus signs indicate 
stimulation while T bars indicate repression. RdRp = RNA-dependent RNA polymerase 
 
Translation of influenza A virus 
The hypothesis that the amount of translated viral proteins is mostly influenced 
by the amount of the corresponding mRNA species is widely accepted. As a con-
sequence of the unevenly synthesis of the different mRNA species, the NS1 and 
the NP are over-represented in the early phase of influenza A protein translation. 
With progression NS1 production is reduced and HA, NA and M1 are predomi-
nantly translated [66]. Transmembrane proteins (HA, NA and M2) are translated 
by membrane-bound ribosomes into the endoplasmic reticulum (where folding 
takes place) and maturate in the secretory pathway of the trans-Golgi network. 
An apical sorting signal ensures the trafficking to the plasma membrane and in-
corporation into the budding site [75]. 
The replication cycle is finished by the self-assembly of the newly synthesised 





1.4 PANDEMIC DANGER CAUSED BY INFLUENZA A VIRUS 
Epidemics among the human population, in terms of sustained, widespread, per-
son-to-person transmission, are caused only by three HA (H1, H2 and H3) and 
two NA (N1 und N2) subtypes.  
The generation of influenza A virus subtypes that have pandemic potency is con-
tributed to an antigenic shift. This term describes the reassortment of genome 
segments as a result of double infection. Consequently, these reassortants may 
encode for novel antigenic proteins with new immunogenic properties [75]. The 
most prominent case of such an antigenic shift produced the influenza A (H1N1) 
virus, called “Spanish flu” of 1918-1919, with a high rate of mortality [76]. Low 
infectivity combined with high pathogenicity of avian derived influenza A sub-
types is caused by the host receptor discrimination. Sialylated proteins containing 
a terminal ɑ-2,3-linkage are localised in the lower regions of the human respira-
tory tract. Therefore, infections with avian viruses are relatively rare and the hu-
man immune system is not adapted. That is why human infections with avian 
influenza A subtypes cause fatal progressive pneumonia [77]. 
Additionally, a mechanism named antigenic drift, describes the accumulation of 
multiple mutations in antigenic sites (for instance around the receptor binding 
region at the globular head of HA) and may lead to the formation of a drifting 
strain which is not longer inhibited by neutralizing antibodies against the parental 





1.5 HOST INTERACTION AND INFECTION HETEROGENEITY 
Variation among individuals is a common concept in population biology. Recently 
this idea of heterogeneity became more and more prominent for cell biologists 
and virologists. In a given cell population the environment of individual cells and 
the specific intracellular conditions lead to heterogeneities in their status. Virus 
infection strongly depends on the biochemical, physiological and physical status 
of the host cell as several distinct cellular processes and resources are involved. 
Consequently, the individual cell status is critical for influenza A virus infection 
and for its efficient replication and reassortment [1, 9, 78].  
Influenza A virus infection can be seen as a concert of viral protein activity and 
cellular protein interaction which is an evolving process. Pathogen sensors (like 
RIG-I) of the host cell detect viral RNA and induce antiviral defence (e.g. type I 
interferons). On the other hand, viral proteins (like NS1) suppress antiviral ac-
tions [79] or hijack cellular mechanisms and resources [80]. There is strong evi-
dence that viruses mimic cellular motifs, named SLiMs (short linear motifs), to 
regulate and control cellular proteins. For instance, the influenza A protein PB2 
mimics the nuclear localisation signal of the cellular importin ɑ [80]. 
The underlying cellular networks have been reviewed by Watanabe T., Watanabe 
S. and Kawaoka in 2010 demonstrating the wide spectrum of applied approaches 
and the inconsistency of the findings in different labs [81].  
Systematic and genome-wide RNA interference screens [82-85] are contributed 
to great efforts in the identification of virus-host interaction partners. These stud-
ies revealed hundreds of factors involved in all steps of the replication cycle. 
They have to be interpreted with care for experimental (e.g. efficiency of knock-
down, influence on general cell viability) and analytical reasons (e.g. false nega-
tive/positive results).  
Employing yeast-two-hybrid assays and computational approaches several human 




transport proteins, transcription factors, and proteins of the intra-cellular signal-
ling pathways (NFκB, apoptosis, MAPK, and WNT) [79].  
However, all these in vitro or in silico analysis of host-virus interaction partners do 
not display the dynamic process of individual interactions and/or the impact on 
the viral replication. Validation and detailed information on the dynamics of the 
existing network are required. Moreover, investigation of different virus strains 
and/or cell types will expand the knowledge about general mechanisms and thus, 
uncover novel antiviral compounds.  
 
Figure 3: Influenza Virus Life Cycle and Host Factors (taken from Watanabe et al. 2010). 
The light-orange rectangles indicate individual steps of the influenza virus life cycle. The 
light-blue rectangles indicate host cellular processes that may be involved in the virus life 
cycle. Red circles indicate host factors identified in the screens discussed in the named 
publication and yellow circles indicate host factors identified in other previous studies. For 





1.6 DETECTION AND IMAGING OF NUCLEIC ACIDS 
The ability to study nucleic acids during their biosynthesis, intracellular transport, 
subcellular localisation, and degradation is of great interest in various fields of 
research like cell biology, medicine, pharmacology or virology. In basic and diag-
nostic sciences specific detection methods are required.  
Indeed the underlying molecular mechanism of certain cancer subtypes [86-90] 
and several human diseases, like asthma [91], cutaneous, gastrointestinal and 
liver disease [92-94], is thought to be connected to dysfunction of microRNAs 
which act as posttranscriptional modulators of gene expression [88]. Further-
more, the identification of single nucleotide polymorphisms [95] or the specific 
identification of infection are just three out of many examples of nucleic acid re-
search in clinical diagnostics [96-102]. 
Studies on endogenous as well as viral nucleic acid variants in the cellular context 
via microscopy imaging are one of the most relevant issues in nucleic acid re-
search [103-105]. Particularly, virology studies on the replication cycle require 
specific detection methods to analyse the different steps of viral replication. 
There is already a great spectrum of techniques available dealing with the visual-
isation of nucleic acids in fixed [106, 107] and in living [105, 108, 109] cell sys-
tems. However, most of these strategies are limited to special applications or 
exhibit various disadvantages making imaging of nucleic acids in living systems 
still a challenging task.  
This introductory part gives an overview of the three exemplary techniques in 
nucleic acid research namely Fluorescent Proteins (FPs), Molecular Beacons 








Figure 4: Schematic depiction of the functional mechanism of (A) Fluorescent Proteins, 
(B) Molecular Beacons and (C) Peptide Nucleic Acids in nucleic acid detection. 
 
(A) Fluorescent Proteins like the green fluorescent protein (GFP) are used in the MS2 
protein system which employs introduced hairpin structures for a sequence specific de-
tection of mRNA molecules in living cells.  
(B) Molecular Beacons are hairpin shaped structures carrying a fluorescent moiety and an 
equivalent quencher which keeps the probe in the non-fluorescent ground state. Spatial 
separation leads to enhancement of fluorescence.  
(C) Peptide Nucleic Acids are nucleic acid analogues in which the backbone is a pseudo-
peptide rather than a sugar. Sequence specific fluorescent signals are produced with the 






1.6.1 FLUORESCENT PROTEINS 
All insights in molecular biology and cell biology based on the usage of fluores-
cent proteins have to be contributed to the efforts of Roger Tsien, Martin Chalfie, 
and Osamu Shimomura [110]. In 2008 they were honoured with the Nobel Prize 
in Chemistry for their work on the green fluorescent protein (GFP) and the gath-
ered technical achievements. This fluorescent protein, isolated and cloned from 
the jellyfish (Aequorea victoria) belongs to the standard methods in nearly all 
fields of biology and medicine with thousands of applications [111].  
Besides the versatile utilization in protein studies, recent developments made FPs 
suitable for the visualisation of gene expression, nuclear transport and mRNA 
dynamics in living cells [112]. One of the key benefits of the FP technique com-
pared to in situ hybridisation or oligonucleotide labelling is that the probes are 
directly expressed as fusion proteins in genetically manipulated organisms. This 
allows imaging in real time.  
Sensitivity is the biggest limitation of GFP as a detection reagent of small mole-
cules and motivated researchers to make remarkable progress towards new 
strategies for single-molecule detection [113]. Recently, the MS2 protein tech-
nique for mRNA imaging in yeast was established simultaneously in the Singer 
lab [114] and by Bloom and colleagues [115]. The principle of this method lies in 
two components: (i) expression of the bacteriophage MS2 RNA coat protein 
(MCP) fused to the FP and (ii) expression of the mRNA of interest (including the 
MS2 hairpin motifs). Due to genetic modifications the expression can occur glob-
ally or in a particular tissue depending on the chosen promoter [116]. 
Golding et al. 2005 applied the MS2 technique to Escherichia coli with an influen-
tial supplementation: The authors introduced 96 copies of a specific RNA hairpin 
into the untranslated region of the mRNA of interest enabling the binding of 96 
MS2-GFP fusion proteins. With this the fluorescent signal of single molecules was 
enhanced dramatically [117]. This had a crucial effect on the ability of counting 





Figure 5: Depiction of MS2-MCP labelling of endogenous mRNA in living cells. (adapted 
from Weil et al. 2010) GFP = green fluorescent protein, MCP = MS2 coat protein, NLS = 
nuclear localisation signal, RNP = ribonuleoparticle  
 
Apart from the impressive achievements in transcription research [118, 119] the 
MS2 method exhibits several drawbacks: (i) the lack of knowledge concerning the 
best position of the hairpin insertion and the difficulties to clone the hairpin re-
peats, (ii) the requirement of transgenic expression of the selected gene leading 
to a non-physiological over-expression and (iii) the tendency of the fusion pro-
teins to form aggregates without binding the target sequence leading to false-
positive cytosolic signals [116]. 
The most critical aspect in tagging mRNA with GFP molecules is the risk to modi-





1.6.2 MOLECULAR BEACONS 
Molecular Beacons have been invented as alternative RNA labelling technique to 
FISH (fluorescent in situ hybridisation) [116] as they provide the possibility to 
detect individual RNA molecules in living cells [105, 120-124]. 
 
 
Figure 6: Depiction of the structural properties of Molecular Beacons. (modified from 
www.eurogentec.com) 
 
In 1996 Tyagi [125] established the Molecular Beacon technique for RNA imag-
ing. The hairpin structured MBs are constructed of 3 main components: (i) the 
15-30 nucleotides spanning loop region, (ii) the 5-8 base pairs in length stem 
portion and (iii) the fluorophore-quencher pair. The fluorescent moiety is typically 








The double-stranded stem enables the looped conformation of the MB and thus 
the non-fluorescent ground state while the quencher is in close proximity (7-10 
nm) to the fluorophore. The loop region is responsible for the sequence specific 
target binding and confers on the MBs target sensitivity. Upon hybridisation with 
the target sequence the binding energy leads to an opening of the hairpin struc-
ture and subsequent dissociation of the stem region. Hence, the thermodynamic 
equilibrium between the hybridisation energy of the loop sequence and the melt-
ing temperature of the stem region is enormously important for the functionality 
of MBs. This relation is very sensitive and requires a precise adjustment. Low 
melting temperatures of the MB can already provide for a hairpin structure and 
hybridisation to the target. However, temperatures over the threshold-set point 
destroy the hairpin structure and turn it into a linear oligomer. In this situation 
the distance between fluorophore and quencher is too long for quenching and 
fluorescence is emitted giving a false-positive signal [124, 126]. In contrast, if 
the melting temperature is too high the stem region is too stable to allow specific 
hybridisation of the loop sequence leading to false-negative results. In addition, 
the stem should be designed in order to prevent unfavourable secondary struc-
ture formation [125]. 
The prevention of fluorescence emission in the unbound state represents the 
most notable advantage as it allows the discrimination between bound and un-
bound probe [127]. Moreover, the MB technique profits from the possibility to use 
a wide range of fluorophore-quencher pairs [127]. All this contributed to the var-
ious application of MBs in (quantitative) real time polymerase chain reaction ap-
proaches [128-132], the detection of gene mutations or single nucleotide poly-
morphisms [133-136], and even DNA/RNA binding protein detection [137]. 
The combination with microscopy techniques enlarges the application spectrum 
of MBs by (live) cell imaging of nucleic acids, particularly RNA molecules.  
Initially, the use of MBs for investigating mRNA in cells was limited to fixed condi-




positive signals produced by binding of RNA/DNA-binding proteins [138]. For this 
purpose, MBs have been modified variously to enhance the sensitivity. For exam-
ple, additional FRET systems or wavelength shifts of the fluorophore were insert-
ed and the native ribonucleotides were replaced by 2-O-methylribonucleotides to 
achieve nuclease resistance [125, 139-142]. 
Bratu et al. 2003 [123] demonstrated the use of such an modified MB to visualize 
the distribution and localisation of an endogenous mRNA (oskar mRNA) which 
plays an important role in Drosophila melanogaster development. Oocytes were 
microinjected with up to 106 MB molecules followed by immediate imaging. This 
method implies an invasive disruption of the plasma membrane which is appar-
ently working with oocytes but causes cell damage or death to most cell types 
leading to an inefficient delivery of the probe. 
A second example of an mRNA study in living cells using MBs was provided by 
Lennon et al. 2010 [120]. Here the influence of beta 1 integrin on the prolifera-
tion and differentiation of osteoblasts was investigated. The MB molecules were 
delivered into the living cells using the reversible permeabilisation of the plasma 
membrane with activated streptolysin O. The drawback of this technique is the 
lack of knowledge about the exact concentration of loaded probe per cell. 
Furthermore, MBs have been used for imaging viral mRNA in living host cells 
[143]. Wang et al. 2008 [121] presented the sequence specific detection of the 
neuraminidase and the matrix protein 1 and 2 mRNA molecules inside living in-
fluenza A infected MDCK cells. Employing FRAP (fluorescence recovery after pho-
tobleaching [144]) they investigated the viral mRNA nuclear export.  
The MBs used by Wang et al. were designed carrying at their 5´ends TAMRA 
(tetramethyl-6-carboxyrhodamine) which belongs to the group of heterocyclic 
dyes. TAMRA is quenched by DABCYL ((4-(4-dimethylaminophenyl) diazenylben-
zoic acid) linked to the 3´ends of the oligomers. Fluorescence of TAMRA in the 
closed state of the MBs is hindered by non-radiative energy transfer (FRET, 




used as a universal quencher for a wide range of fluorophores. The underlying 
mechanism is a dipole-dipole interaction which is strongly influenced by the do-
nor-acceptor distance and the transition dipole moments. Thus, minimal changes 
in the MB structure may cause false-positive or false-negative results by the 
aforementioned problems concerning the MB design [147, 148]. 
 
1.6.3 PEPTIDE NUCLEIC ACIDS 
In 1991 Nielsen and colleagues [149] synthesised a completely artificial analogue 
to nucleic acids in which the backbone was a pseudopeptide rather than mono-
saccharide rings and phosphodiester linkages. The structural properties gained 
the designation of this new molecule: peptide nucleic acid (PNA).  
The nucleic bases (purine and pyrimidine) in a PNA molecule are directly at-
tached to the glycine units by methylene carbonyl bounds, exhibiting stronger 
binding and more specific hybridisation properties than DNA/DNA or DNA/RNA 
hybrids or other common DNA derivates due to the lack of charge repulsion 
[150]. Moreover, they lack off-target effects due to non-specific binding to pro-
teins or degradation by RNase H cleavage of the bound mRNA [151, 152]. PNAs 





Figure 7: Depiction of the molecular structure of DNA and PNA molecules. (modified from 
Ratilainen et al. 1998) 
 
The next section will present examples to emphasize the large variety of the ap-
plication spectrum and practical flexibility of PNAs. 
PNAs have been widely used as antisense agents in nuclear medicine [152, 154-
157]. In Bonham et al. 1995 the described microinjection of a 15mer PNA target-
ed towards the untranslated region of the SV40 T antigen mRNA inhibited the 
expression of the T antigen in CV-1 cells with an efficiency of 99% [158]. Un-
wanted impact on the phenotype of cells treated with antisense oligomers may 
not occur while working with antisense PNAs due to the lack of a negative charge 
and thus excluded protein binding inside and outside of cells. Furthermore the 
stability of PNA/RNA hybrids is higher than PNA bound to DNA [159]. Hence, 
PNAs were thought to expand the potential of antisense research although pre-
dicting the susceptible mRNA target sequence has proven to be an elusive goal 
[160]. 
Recently, in the Wickstrom lab the usage of PNAs as radiohybridisation probes 
gave new impacts in cancer diagnostic medicine [161-164]. Chakrabarti and col-
leagues 2007 [165] demonstrated the detection of pancreas cancer before its 




(positron emission tomography) imaging in mice of the KRAS mRNA carrying a 
disease specific (95 % of all ductal pancreas cancer patients) single nucleotide 
polymorphism (point mutation in codon 12). This enables an early intervention 
and promising treatment of cancer patients. 
In addition, PNAs in complex with the contrast agent gadolinium (Gd3+) enable 
intravital magnetic resonance imaging [166, 167]. The proof of principle was 
realized by Heckl et al. 2003 in the form of the identification of tumour cells with 
the help of PNA- Gd3+ labelling of c-myc over-expression [168]. 
An innovative step forward in PNA applications was realised by the chemical in-
troduction of an intercalating fluorophore into a PNA molecule as an artificial 
base-surrogate [169, 170]. Thiazole orange which is commonly used in reticulo-
cyte flow cytometry analysis to stain residual RNA in immature blood cells [171] 
exhibits favourable (fluorescence) properties in order to advance this technology. 
Thiazole orange (TO) belongs to the group of asymmetric cyanine dyes and is 
essentially non-fluorescent in solution. The cationic chromophore intercalates 
with high affinity to polynucleic acids resulting in enhancement of quantum yield 
(0.1-0.4) which is a temperature dependent process [172, 173].  
Initially, Privat et al. 2001 microinjected modified DNA oligomers with an alkyl 
linkage chain to thiazole orange into fixed human osteosarcoma (HOS) cells to 
localise mRNA molecules in the cytoplasm and nucleus [174].  
The applicability of PNAs to RNA imaging in CHO cells was already demonstrated 
by Berndl et al. in 2010 using confocal laser scanning microscopy for visualizing 
RNA delivery. In this work the splicing and thus shortening in length of mRNA 
molecules is imaged with the help of the FRET pair TO- Alexa-594 [175].  
The intercalation of TO as a base substitute within a PNA molecule was a further 
improvement. This method was developed in the sense of FIT (forced intercala-




with respect to hybridisation, fluorescence, sensitivity and stability properties 
[176-179].  
The increase of fluorescence is reported to occur in combination with each of the 
nucleic bases with a preference for thymine [180] and is able to reach a 20-fold 
enhancement with discrimination to the neighbouring base pairs [177]. The 
mechanism of the interaction with the bases in close proximity is generated by 
the structural architecture of two heterocyclic moieties linked by a (poly-) me-
thine bridge. In the electronic ground state (S0) these two aromatic ring systems 
are in peripendicular position to each other. Twisting of the moieties around the 
bond avoids fluorescence even when the molecule is optically excited. Monointer-
calation (one dye per two base pairs at saturation) leads to a forced torsional 
motion of the two rings into a coplanar position. This mechanism enables the 
formation of a π-electron system and thus the increase in fluorescence [181, 
182]. 
Socher et al. 2008 described a DNA–PNA hybridisation assay based on real-time 
PCR that allows sensitive quantification of specific nucleic acids in solution and 
simultaneous detection of single base mutations. This approach demonstrates 
the biological applicability of FIT-PNA probes.  
To the best of the author`s knowledge, this work was the first application of FIT-
PNAs to detect (viral) mRNA molecules in the living cell [183]. 
Although originally designed to function as antisense and antigene reagent, 
PNAs, in particular FIT-PNAs, hold great potential for the investigation of dynam-







1.7 QUANTITATIVE PROTEOMICS: SILAC (STABLE ISOTOPE LABELLING OF 
AMINO ACIDS IN CELL CULTURE)  
During viral infection, interactions between viral and host cell proteins are major 
checkpoints for en efficient replication of the virus or respectively survival strate-
gies of the host cell. Thus, these interaction pathways and the involved compo-
nents offer strong potential for new antiviral drug development and deeper un-
derstanding of the entire infection mechanism. 
Traditionally, for qualitative and quantitative proteomics two-dimensional (2D) gel 
electrophoresis has been employed. In (2D) gel electrophoresis proteins are sep-
arated in the first dimension according to their isoelectric point and in the second 
dimension by their molecular weight [184]. The underlying mechanism of a semi-
quantitative protein analysis using 2D gel electrophoresis is the comparison of 
protein staining intensities with respect to a protein standard of known protein 
concentration [185]. 
The simultaneous identification and quantification of proteins was realized by 
introducing mass spectrometry (MS) into the field of proteomics [186]. This ge-
neric term implies a description of the complete protein set expressed by the 
whole genome in the lifetime of a cell including posttranscriptional and posttrans-
lational modifications [187]. Mass spectrometry is per se not quantitative due to 
variations in the detector response or differential ionization yields for different 
substances. Accuracy in peak ratios can be realized by using isotopic analogues 
caused of their chemical uniformity [186].  
Initially, isotopic labelling was performed by incorporating 18O (oxygen) atoms at 
the C-terminus of a peptide [188] in protein chemistry or by 15N (nitrogen) sub-
stitution of all N atoms for quantifying variations of microorganisms [189, 190]. 
These methods have crucial drawbacks as the limitation of the 15N substitution to 
bacteria, incomplete labelling efficiency or difficulties in data interpretation 
caused by varying numbers of N atoms in peptides. Further attempts to improve 




quired the necessity of chemical modifications of the proteins making the whole 
process even more complicated.  
A more sensitive method which guarantied an easy labelling strategy was urgent-
ly requested. For this purpose, Ong et al. 2002 presented an inexpensive, robust 
and convenient technique which was termed SILAC (stable isotope labelling of 
amino acids in cell culture). Precisely, cells are propagated in cell culture media 
supplemented with isotopic variants of essential amino acids. All newly synthe-
sized proteins contain the labelled amino acids without performing chemical mod-
ifications or affinity purification procedures [186]. By altering the incorporated 
nonradioactive isotopes several protein species are distinguishable allowing de-
termination of protein abundance based on relative MS signal intensities [192, 
193]. 
SILAC was already used in comparative proteomic phenotyping to compare cell 
lines to their primary counter-parts [194], in specific investigations of histone 
posttranslational modification patterns and their correlation to particular tumor 
features [195], and for the identification of Tyr kinase substrates [196]. 
One of the first large-scale proteomic studies was performed in the lab of Macek 
[197]: two physiologically different cultures of Bacillus subtilis have been investi-
gated covering 75 % of the expressed genes in the log growth phase (1928 iden-
tified proteins). Besides studies on cellular and microbial level, SILAC is also ap-
plicable to in vivo approaches as shown by the Selbach group (SILAC fly) [198] 
and by Walther and Mann (SILAC mouse) [199]. 
In addition, the SILAC technique is useful in virology in order to investigate virus-
host interaction during the replication. Studies on the coronavirus infectious 
bronchial virus [200, 201] and on the respiratory syncytial virus (RSV) [202] 
demonstrate the importance and high information output gained from SILAC 






Figure 8: Depiction of the schematic procedure of a typical SILAC experiment and the 
mass spectrometry output. (adapted from the pSILAC scheme of Schwanhäußer et al. 
2009) 
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2. AIM OF THE THESIS 
In anticipation of a pandemic outbreak of influenza A virus with respect to the 
persistent threat of evolving human and avian variants with highly pathogenic 
potential detailed knowledge about the viral replication cycle and impact on the 
host cell are urgently ask for. Influenza A virus hijacks cellular biosynthetic path-
ways, intracellular transport mechanisms and biomolecular resources while inter-
acting with host proteins for an efficient replication and production of progeny 
virus particles. Every single step of the replication cycle from entry to budding 
needs to be investigated to allow the development of preventive and therapeutic 
antiviral strategies.  
Therefore this work focuses on the viral transcription and translation as well as 
the involvement and response of the host cell.   
Due to essential drawbacks of existing nucleic acid detection techniques in the 
cellular context the development of a widely applicable, highly specific and sensi-
tive method to study viral mRNA is one of the most relevant issues. The present 
thesis was undertaken to explore the suitability of FIT-PNA molecules to investi-
gate the viral transcription in the early phase of influenza A virus infection in liv-
ing host cells. To assess the spatial, temporal and quantitative progression of 
viral mRNA molecules a specific RT-qPCR shall be combined with a study in living 
infected cells using CLSM. 
Previous studies already assessed the alterations of the cellular proteome after 
infection to identify viral host-interaction partners. With the help of quantitative 
proteomics based on mass spectrometry the early phase of an influenza A virus 
infection shall be characterized to reveal host factors involved in viral replication 
and analyse the temporal progression of viral protein synthesis. 
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Centrifuge Biofuge stratos Heraeus, Berlin, Germany 
Centrifuge Fresco 17 Heraeus, Berlin, Germany 
Confocal Microscope Fluo ViewTM  1000 Olympus, Hamburg, Germany 
Fluorescence spectrometer (VC Eclipse) Agilent Inc., Santa Clara, U.S.A. 
Fridge (4 °C and -20 °C) Bosch, Gerlingen, Germany 
Fridge Hera freeze (-80 °C) Thermo scientific, Berlin, Germany 
Incubator Heraeus, Berlin, Germany 
Microliter Cell IMPLEN GmbH, Munic, Germany 
Milli-Q Ultra Pure Water Purification System Millipore Corp., Bellerica, U.S.A. 
Laminar hood Heraeus, Berlin, Germany 
Pipette, electrical (pipetus) Hirschmann Laborgeräte, Herren-
berg, Germany 
Photometer (Biophotometer plus) Eppendorf, Hamburg, Germany 
iQ5 Real-Time PCR Detection System Bio-Rad Laboratories Inc., Hercu-
les, U.S.A. 
Varioklav Thermo Scientific, Berlin, Germany 
Vortex-genie 2 Scientific industries, New York, 
U.S.A. 
Water bath DC10 Haake, Victoria, Australia 
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3.1.2 CONSUMABLE MATERIAL 
Designation Provider 
Cryo tubes (1.5 ml) Sarstedt, Nümbrecht, Germany 
5 ml round-bottom tubes (FACS) Sarstedt, Nümbrecht, Germany 
Glass ware Carl Roth, Karlsruhe, Germany 
Pipettes Eppendorf, Hamburg, Germany 
Pipette tips (1 - 1000 μl) Sarstedt, Nümbrecht, Germany 
Reaction tubes (1.5 ml, 15 ml, 50 ml) Sarstedt, Nümbrecht, Germany 
Cell culture flasks (T25, T75) Nunc, Langenselbold, Germany 
Cell culture plates (6 well, 12 well) Nunc, Langenselbold, Germany 
35 mm glass bottom dishes MatTek, Ashland, U.S.A. 
Fluorescence quartz cuvettes (3x3 mm) Hellma Analystics, Müllheim, 
Germany 
 
3.1.3 BIOLOGICAL MATERIAL 
3.1.3.1 EUCARYOTIC CELL LINES 
Cell line Description 
BHK-21 cells (baby hamster kidney) adherent, fibroblasts 
MDCK cells (madin darbin canin kidney) adherent, epithelial cells  
 
 




Influenza A /Puerto Rico/34/8 and influenza A/X-31 (Institute of Biology, Hum-
boldt University, Berlin) were grown in 10-day-old chicken embryos and purified 
as described previously [203]. 
Semliki Forest Virus and Vesicular Stomatitis Virus (kindly provided by PD Dr. M. 
Veit, Institute of Immunology and Molecular Biology, Free University, Berlin) were 
obtained in BHK-21 cells. 
3.1.4 CHEMICALS  
Designation Provider 
Complete, Mini Protease Inhibitor Cocktail  Roche, Mannheim, Germany 
DTT Fluka Analytical, St. Louis, 
U.S.A. 
HCl Sigma Aldrich, St. Louis, U.S.A. 
Meliseptol Th. Geyer, Renningen, Germany 
Natrium chloride  Sigma Aldrich, St. Louis, U.S.A. 
Nonidet P40 Substitute >99% (NP 40) Fluka BioChemika, St. Louis, 
U.S.A. 
Paraformaldehyde Sigma Aldrich, St. Louis, U.S.A. 
Propidium iodide Sigma Aldrich, St. Louis, U.S.A. 
RNasin Ribonuclease Inhibitor Promega Corp., Madison, U.S.A. 
Saponin Fluka, St. Louis, U.S.A. 
Streptolysin O Sigma Aldrich, St. Louis, U.S.A. 
TRISMA Base >99.9% 
Tris[hydroxymethyl]aminomethane 
Sigma Aldrich, St. Louis, U.S.A. 
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3.1.5 MEDIA AND SOLUTIONS 
Designation Provider 
DMEM (without Phenol red) PAA GmbH, Wien, Austria 
DPBS (with Calcium and Magnesium) PAA GmbH, Wien, Austria 
DPBS (Without Calcium and Magnesium) PAA GmbH, Wien, Austria 
Foetal Bovine Serum (FBS) PAA GmbH, Wien, Austria 
HEPES (25 mM) in DPBS PAA GmbH, Wien, Austria 
L-Glutamat (200 mM) PAA GmbH, Wien, Austria 
Penicillin/Streptomycin (100x) PAA GmbH, Wien, Austria 




RNeasy Mini Kit (RNA purification) Quiagen, Hilden, Germany 
SuperScriptTM II (cDNA synthesis) Invitrogen, San Diego, U.S.A. 
 
3.1.7 ANTIBODIES  
Designation Provider 
mouse anti-NP (Influenza A), monoclonal Chemicon, Billerica, U.S.A. 
goat anti-mouse IgG, conjugated with         
Alexa 568  
Mol. Probes, Karlsruhe, Germany 
rabbit anti-VSV glycoprotein, polyclonal, 
serum 
PD Dr. M. Veit, Free University, Ber-
lin, Germany 
goat anti-rabbit IgG, conjugated with Cy3 Mol. Probes, Karlsruhe, Germany 
MATERIAL AND METHODS 
 
33 
3.1.8 FIT-PNAS AND MOLECULAR BEACON 
FIT-PNAs were synthesized by Dr. A. Knoll (Institute of Chemistry, Humboldt University, 
Berlin, Germany) and the Molecular Beacon was received from BioTez GmbH (Berlin, 
Germany). 
 
3.1.9 OLIGOMERS AND PRIMERS 
Nucleotides are indicated referring to the accession number NC_002018 (A/PR/8, H1N1), 
if not stated otherwise. 
 
Name Description Sequence 
FIT PNA 1a neuraminidase, H1N1 H-Lys-cagtta-Aeg(TO)-tatgccgttg-Lys-NH2 
FIT-PNA 1b neuraminidase, H1N1 Ac-Lys(PEG)-cagtta-Aeg(TO)-tatgccgttg-NH2 
FIT-PNA 1c matrix protein, H1N1 H-Lys(PEG)-catgtctg-Aeg(BO)-ttagtg-NH2 
FIT-PNA 1d L protein, VSV H-Lys(PEG)-cgttt-Aeg(TO)-taattcgtctc-Lys(PEG)-NH2 
MB 2 neuraminidase, H1N1 TMR-gcgactttcagttattatgccgttgtatttgtcgc-Dabcyl 
Name Description Sequence 
RNA target 3a nt 599-615, A/PR/8, NA 5`CAACGGCAUAAUAACUG 3` 
RNA target 3b nt 594-618, A/PR/8, NA 5`AAAUACACCGGCAUAAUAACUGAAA 3` 
RNA target 3c nt 525-539, A/PR/8, M1 5`CACUAAUCUGACAUG 3`  
RNA target 4 nt 16-32, H3N2, DQ874878 5`UCAAAAGAUAAUAACAA 3` 
DNA target 5 nt 599-615, A/PR/8 5`CAACGGCATAATAACTG 3`  
RNA target 7 nt 9108-9124, VSV, 001560 5`GAGACGAAUUAGAAACG 3` 
primer  fwd NA nt 570-595 5`GATAATGGAGCAGTGGCTGTATTAA 3` 
primer  rev NA nt 643-661 5`GCACATTCAGACTCTTGTGTCCTC 3` 
primer  fwd M1 nt 461-482 5`CTGGTATGTGCAACCTGTGAA 3` 
primer rev M1 nt -595-615 5`TCACTCGATCCAGCCATTTG 3` 
MATERIAL AND METHODS 
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3.1.10 SOFTWARE AND WEB PAGES 
Designation Provider 
Adobe Photoshop 7.0 Adobe Systems Inc., San Jose, U.S.A. 
Ape- A Plasmid Editor  M. Wayne Davis 
Entrez PubMed http://www.ncbi.nlm.nih.gov/entrez/ 
FlowJo Tree Star, Ashland, U.S.A. 
FluoView 1000 Olympus, Tokyo, Japan 
GraphPad Prism  GraphPad Software, La Jolla, U.S.A. 
mfold Zuker et al. 1991 [204] 
Microsoft Office 2007 Microsoft, Washington, U.S.A. 
NCBI-Blast http://www.ncbi. nlm.nih.gov/blast/mmtrace.html 
Gene Ontology Project http://www.geneontology.org/GO.doc.shtml#ontologies 
 
3.2 METHODS 
3.2.1 WORKING UNDER STERILE CONDITIONS 
Preventing contamination by bacteria, yeast or fungi is one of the important as-
pects one has to consider while working with mammalian cell culture. Infections 
influence cellular processes and states and thus the behaviour within experi-
mental treatments. All used glass and plastic ware was sterilised employing a 
steam autoclave. The laminar hood was cleaned by UV light for 1 h weekly. Prior 
to every working procedure the bench was treated with Meliseptol.  
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3.2.2 CELL CULTURE 
3.2.2.1 GENERAL HANDLING 
MDCK and BHK-21 cells were obtained in DMEM (without phenol red) supple-
mented with 10% FBS, 1 mM L-glutamine and 1% penicillin /streptomycin in a 
humid incubator at 37 °C and 5% CO2. 
For long-term storage cells were harvested using 2 ml trypsin/EDTA and trans-
ferred into freezing medium (DMEM without supplements, 20% DMSO, 80% 
FBS). To obtain a decrease in temperature by one degree per hour the cryo tubes 
have been incubated overnight at -80 °C using an isopropanole freezing box prior 
to storage in the liquid nitrogen tank. 
Thawing was performed in a 37 °C pre-warmed water bath. Immediately after 
thawing the cells were transferred into 12 ml of fresh DMEM and centrifuged at 
300 x g for 5 min. The cell pellet was resuspended in 5 ml pre-warmed DMEM 
and the cells were maintained in T25 cell culture flasks. 
In a period of 3 to 4 days BHK and MDCK cells were splitted in a 1:10 ratio. Ad-
herent growing cell lines establish connections with the plastic layer of the cul-
ture flasks since they are organised in association to their neighbouring cells in 
nature. Therefore a trypsin mediated peptide cleavage was necessary prior cell 
passaging.  
Cells subjected to virus infection were seeded in 35 mm glass bottom dishes at 
80% confluency in DMEM lacking phenol red. Usually, this indicator is used to 
assess the pH of the media. In fluorescence microscopy this red dye may disturb 
the fluorescence of interest or interfere in the emission range. 
3.2.2.2 CELL VIABILITY TEST 
Due to virus infection or SLO mediated transient cell perturbation (see chapter 
3.2.2.3) the cell viability may be negatively influenced. Proofing cell viability cells 
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were treated with 5 µg of propidium iodide in 1 ml DPBS (Ca2+ / Mg2+) for 5 min 
at room temperature and washed once with fresh DPBS (Ca2+ / Mg2+) prior imag-
ing. Propidium iodide is a DNA intercalating fluorophore which is commonly used 
for identifying dead or apoptotic cells as it is excluded from viable cells. For a 
positive control 10 µl of 1 N HCl was added over the cells for 20 min resulting in 
cell apoptosis. 
3.2.2.3 DELIVERY OF PNAS INTO LIVING CELLS  
Caused by their structural characteristics (e.g. uncharged peptide backbone) 
PNAs do not interact with Lipofectamine 2000 (Invitrogen) or related transfection 
reagents. Therefore the delivery of PNAs into living MDCK cells requires the help 
of streptolysin O, a streptococcal haemolytic exotoxin, which mediates reversible 
plasma membrane penetration as described previously [121]. In brief, 5 U strep-
tolysin O in DPBS supplemented with 25 mM Hepes and 10 mM DTT were acti-
vated for 90 min at 37 °C. For staining, 250 nM PNA in 500 µl activated SLO con-
taining solution were added to the cells for 30 min at 37 °C. Resealing was 
performed by adding 2 ml of fresh DMEM and incubating for additional 30 min at 
37 °C. Before starting fluorescence microscopy imaging the medium was 
changed to 1 ml DMEM without supplements. 
3.2.2.4 DELIVERY OF PNAS INTO FIXED CELLS  
MDCK cells are of epithelial origin and thus exhibit a strong cell-cell-adhesion. In 
contrast, the fibroblast cell line BHK-21 lacks such extensive adhesion and is 
therefore unsuitable for SLO treatment. For FIT-PNA delivery BHK-21 cells were 
fixed with the help of 1 ml 4% paraformaldehyde in DPBS. After 20 min incuba-
tion at room temperature, cells were rinsed with 1 ml DPBS before adding 1 ml 
0.1% Triton X-100 for 10 min at room temperature. Two washing steps with 1 ml 
DPBS were required to stop further permeabilisation. PNAs were delivered at a 
concentration of 250 nM in DPBS to achieve an efficient staining of viral mRNA. 
In preparation of fluorescence microscopy imaging the staining solution was re-
placed with 1 ml fresh DPBS.  
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Fixed BHK cells in 35 mm cell culture dishes can be stored at 4 °C for several 
weeks with negligible decrease in fluorescence signal if protected from light. 
3.2.2.5 DELIVERY OF PNAS INTO FIXED CELLS IN SOLUTION  
For intracellular FACS staining cells have to be in suspension. Therefore adherent 
growing MDCK cells were treated with trypsin and for further staining sedimented 
at 300 x g for 3 min. All following steps were performed on ice to maintain 4 °C 
during the staining procedure. The cell pellet was resuspended in 1 ml 4% para-
formaldehyde. Cells were fixed for 20 min, sedimented (300 x g, 3 min) and 
washed with 1 ml DPBS. Permeabilisation was performed in 500 µl 0.5% saponin 
in DPBS. The cells were centrifuged as described above to reduce the volume by 
decanting the supernatant. 250 pM of FIT-PNAs were added into the remaining 
cell solution (circa 50 µl) and incubated for 15 min. After staining, the cells were 
rinsed with DPBS and stored at 4 °C until FACS analysis.  
3.2.2.6 CELL LYSATE  
In preparation of experiments in living cells FIT-PNAs were hold in cell lysate in 
order to assess their nuclease resistance. Cells seeded in 6-well plates were in-
fected as indicated. After rinsing with 1 ml DPBS cells were lysed using 1 ml ly-
sate buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 0.8% NP-40 in dd H2O) for 5 min 
at room temperature. Carefully the cell lysate was transferred into 1.5 ml reac-
tion tubes and stored on ice until fluorescence spectrometer measurement. 
Data acquisition was performed in fluorescence cuvettes filled with 100 μl cell 
lysate from non-infected MDCK cells. Fluorescence was measured at 530 nm af-
ter excitation at 485 nm. For hybridisation 0.1 nmol FIT-PNA probe 1a and 1 
nmol target 3a were incubated in water for 10 min. 5 μl of this solution as well as 
a control solution lacking the target were added to the lysate containing cu-
vettes. The fluorescence was measured at 37 °C. Data points were collected eve-
ry minute for 30 min followed by a 5 min interval for additional 30 min.  
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For the Molecular Beacon MB2 the excitation wavelength was 559 nm and emis-
sion was recorded at 593 nm. The measurement was performed simultaneously 
to the described procedure of the FIT-PNA 1a.  
The relative fluorescence (=responsiveness) was determined at various time 
points and calculated according to the following equation: 
( ) ( )[ ]







, where F and F0  are the fluorescence intensity of target-containing or control 
lysates, respectively, and F (t=0) is the background fluorescence. 
3.2.3 INFECTION PROTOCOL 
BHK-21 cells were infected with Vesicular Stomatitis Virus (subtype Indiana) and 
Semliki Forest Virus. MDCK cells were infected with influenza A/PR/8 virus. Cells 
were seeded 1 day prior to infection in 35 mm glass bottom dishes for microsco-
py imaging or in 6-well plates for e.g. FACS analysis at 80% confluence. In all 
indicated experiments infection with virus was performed at a multiplicity of in-
fection (M.O.I.) of 100. To this end, the virus solution was added directly into 1 
ml DMEM and added to the cells. To allow the virus to attach to the cell surface 
after one hour incubation at 37 °C, the supernatant was replaced by 1 ml fresh 
DMEM and incubation was continued.  
3.2.4 MOLECULAR BIOLOGY 
To assess the viral mRNA production during the infection life cycle and to identify 
optimal time points for fluorescence microscopy imaging quantitative RT-PCR 
with influenza A specific primers was employed.  
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3.2.4.1 RNA PURIFICATION  
Total RNA from influenza A/PR/8 (infection protocol see chapter 3.2.3) at various 
time points p.i. and non-infected MDCK cells was purified using the RNeasy Mini 
Kit following the manufactures instruction. In preparation for the purification 106 
cells per sample were harvested by trypsinisation and sedimented at 300 x g for 
5 min. Cell pellets were stored on ice until the experimental protocol was contin-
ued. RNA concentration was determined by an optical density (OD) measure-
ment. 
3.2.4.2 IN VITRO CDNA SYNTHESIS  
As starting material for the in vitro reverse transcription 3 µg of total RNA was 
applied. The SuperScriptTM II and oligo(dT) primer were employed as recom-
mended  by the manufactures protocol. It is recommended to perform the cDNA 
synthesis immediately after the RNA extraction in order to prevent damage to the 
RNA by freezing and thawing processes. The synthesised cDNA was quantified 
by OD measurement. 
3.2.4.3 REAL-TIME QUANTITATIVE-PCR – MEASUREMENT 
Measurement of the RT-qPCR was performed by Dr. Andrea Knoll (Institute of 
Chemistry, Humboldt University Berlin).  
The reaction was carried out by using 100 ng cDNA of each sample as template 
employing 400 nM influenza A specific primers (see 3.1.9). This resulted in the 
amplification of a short sequence in the NA or M1 gene, respectively. FIT-PNA 1a 
or 1c was used at 500 nM (see 3.1.8) were utilized as detection fluorophore in-
stead of the standard intercalator SYBR-Green enhancing the specificity of the 
data analysis. The reaction was realised in a volume of 20 µl in 96-well plates as 
described in table 1.  
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Table 1: RT-qPCR programme for cDNA amplification using the iQ5 Real-Time PCR Detec-
tion System. 
Step Temperature Time  
initial denaturation 95 °C 3 min  
denaturation 95 °C 10 s 
40 cycles annealing 60 °C 20 s 
elongation 72 °C 20 s 
 
Fluorescence of the FIT-PNAs was measured during the annealing step every 3 s. 
As control cDNA was replaced by dd H2O. 
3.2.4.4 REAL-TIME QUANTITATIVE-PCR – DATA ANALYSIS 
The calculation of specific viral mRNA copies per infected cell was based on the 
quantitative RT-PCR results. As mentioned above specific FIT-PNAs have been 
employed for signal detection. 
The fluorescence intensity of TO or BO, respectively, correlates with the amplifi-
cation of the template during the specific reaction in samples of infected MDCK 
cells. For quantification of specific target sequence (= copies of specific viral 
mRNA), a calibration curve was generated based on the related cycle of thresh-
old (CT) values. The threshold fluorescence intensity was set threefold above the 
average no-template control fluorescence emission. The number of copies of 
specific viral mRNA present in 1 ng cDNA of starting material (100 ng cDNA for 






, where NA is Avogrado`s number (6.022 x 1023 molecules /mole) and the molec-
ular weight of the amplicon is 61652.4 g/mol. 
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Considering the total amount of synthesised cDNA the copy number of specific 
viral sequence per total cDNA was calculated. With the help of the total amount 
of purified RNA with regard to the starting material for the in vitro reverse tran-
scription, the copy number per total RNA was determined. Assuming that 106 
cells have been used one can roughly estimate the specific viral mRNA concen-
tration per infected cell.  
3.2.5 IMMUNOCYTOCHEMISTRY (ICC) 
Infected MDCK cells were stained 18 h p.i. with an anti-nucleoprotein (NP) anti-
body of influenza A virus to verify infection efficiency. For this purpose the intra-
cellular labelling protocol using saponin as detergent was adapted. Cells were 
fixed and permeabilised as described (see chapter 3.2.2.5) but stayed attached in 
the cell culture dish. The fixed and permeabilised cells were rinsed twice with 1 
ml DPBS for 1 min before blocking with 1 ml 3% BSA in DPBS for 1 h at 4 °C. 
The anti-NP antibody was diluted 1:1000 in 3% BSA in DPBS. There was no 
washing step required prior to incubation with the anti-NP antibody. The blocking 
buffer was replaced by 100 µl of the antibody solution and incubated for 1 h at 
room temperature. For visualisation of the antibody binding and thus indirect NP 
presence verification a secondary anti-mouse IgG antibody conjugated with Alexa 
568 was added over the cells after rinsing the cells twice with 3% BSA in DPBS. 
For an efficient staining, 100 µl of the secondary antibody diluted 1:1000 in 3% 
BSA in DPBS was sufficient. After 1 h incubation at room temperature cells were 
washed twice with DPBS without supplements to prevent any interference or 
detaining background signals during microscopy imaging. 
Verification of an efficient VSV infection in BHK-21 cells was performed following 
the same protocol. Specifically, the rabbit anti-VSV glycoprotein antibody was 
diluted 1:100 in 3% BSA in DPBS. The ICC was started 3 h p.i. to visualize VSV 
glycoprotein expression. 
 




3.2.6 FLUORESCENCE ACTIVATED CELL SORTING (FACS) 
Cells can be categorised and identified based on cellular characteristics such as 
gene expression or status of differentiation (cluster of differentiation) using ex-
tracellular FACS analysis. FACS is a standard tool in clinical diagnostics for several 
applications. The applicability of the FIT-PNA technique to FACS analysis was 
investigated. For this purpose, influenza A infection was determined employing 
viral mRNA specific FIT-PNAs which were delivered into fixed MDCK cells as de-
scribed in chapter 3.2.2.5. 
The cell solution was transferred into FACS tubes and analysed using a BD FACS 
AriaTM II. TO fluorescence was recorded using the FITC channel with an excita-
tion of 494 nm and an emission maximum of 519 nm. Each measurement was 
performed with 10,000 counting events. The system was calibrated with non-
infected and unstained control MDCK cells to define the gate of intact cells in 
regard to the FCS (forward scatter, cell size) and SSC (sideward scatter, granular 
appearance) values. The settings were constant. FACS data were analysed using 
the provided software FlowJo. 
3.2.7 CONFOCAL LASER SCANNING MICROSCOPY (CLSM) 
Fluorescence image acquisition was performed by a FluoView TM 1000 scanning 
unit using an IX 81 inverted confocal microscope and a 60x oil-immersion objec-
tive or a 60x water-immersion objective as indicated. The resolution was set to 
512 x 512 pixel and sampling speed to 40 µs per pixel. Fixed cells were imaged 
at room temperature while for living cells a climate chamber to maintain 37 °C 
was required. Excitation and emission was performed as listed in table 2.  
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Table 2: Excitation and emission range of fluorophores used in FIT-PNAs or immunocyto-
chemistry applications. 
Fluorophore Excitation Emission range 
TO 448 nm 510 nm - 540 nm 
BO 440 nm 470 nm - 500 nm 
TO and BO 
(sequential) 
TO: 448 nm, BO: 440 nm TO: 530 nm - 600 nm, BO: 460 
nm - 490 nm 
Alexa 568 559 nm 570 - 670 nm 
TMR 559 nm 565 - 655 nm 
 
3.2.8 STABLE ISOTOPE LABELLING OF AMINO ACIDS IN CELL CULTURE (SILAC) – 
MEASUREMENT 
The following experimental part of the SILAC approach was realized in collabora-
tion with Dr. Björn Schwanhäußer (MDC, Berlin) who kindly provided the SILAC-
media and performed the liquid chromatography mass spectrometry (LC-MS) 
including required material preparation.  
In global proteomic analysis on a systems level, recently SILAC attracted atten-
tion as a widely applicable and practical technique in combination with LC-MS. 
The strategy of a typical SILAC experiment is premised on the metabolic incorpo-
ration of stable isotopic variants of amino acids. On this account, the applied FBS 
had to be dialysed to eliminate the natural amino acids which shall be replaced 
by their labelled counterpart. Here, a medium heavy and a heavy SILAC cell cul-
ture medium were prepared containing 84 mg/l 13C6-L-argine in combination with 
146 mg/l N4-L-lysine or 84 mg/l 13C615N4-L-arginine in combination with 146 mg/l 
13C615N4-L-lysine, respectively. The light version of SILAC medium was supple-
mented with the non-labelled amino acids. 
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Upon cultivation in the specific SILAC medium over a period of eight passages 
MDCK cells incorporated uniformly the isotopic amino acids in their proteome. 
There was no influence on growth rate or cell viability provoked by the treatment 
of MDCK cells with the SILAC media.  
MDCK cells were seeded in 6 well plates, infected as described (see chapter 
3.2.3) with influenza A/PR/8 and harvested by trypsinisation according table 3 
creating a time range 0 to 8 h p.i. 
Table 3: Scheme of the experimental procedure of influenza A/PR/8 infected MDCK cell 
preparation within the SILAC approach. 
Variant Harvesting time point 
MDCK cells in light SILAC medium  0 h post infection  
MDCK cells in medium heavy SILAC medium  1 h, 2 h post infection 
MDCK cells in heavy SILAC medium 4 h, 8 h post infection  
 
After centrifugation at 300 x g for 3 min cell pellets were stored at -20 °C and 
mixed according to the following scheme: 
Sample I: 0 h p.i. (light) + 1 h p.i. (medium heavy) + 4 h p.i. (heavy) 
Sample II: 0 h p.i. (light) + 2 h p.i. (medium heavy) + 8 h p.i. (heavy) 
 
After urea/thiourea mediated cell lyses an in-solution digest with trypsin and ly-
sine-C protease which preferentially cleaves after lysine and/or arginine residues 
was performed. Peptides were desalted and concentrated with the help of self-
prepared C18-columns. These elution columns operate on the principle of hydro-
phobic forces resulting from the binding of the peptide molecule to the C18-chain 
(stationary phase) upon association with the ligand in the aqueous eluent (mo-
bile phase). Reduction of the water surface tension by adding less polar solvents 
(like methanol) leads to a decrease in retention of the bound peptide molecule.  
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Accordingly, the peptides are separated by their hydrophobic character using high 
performance liquid chromatography (HPLC) which automatically reduces the po-
larity of the mobile phase during the course of analysis producing a length gradi-
ent elution of the peptides. Immediately, the solute peptides were electrostatical-
ly ionized by electrospray ionization (ESI) and analysed by applied electrical fields 
inside the mass spectrometer. The peptide sequence was assessed by data anal-
ysis obtained from peptide collision with gas molecules.  
3.2.9 STABLE ISOTOPE LABELLING OF AMINO ACIDS IN CELL CULTURE (SILAC) – 
DATA ANALYSIS 
Data analysis of the LC-MS measurement was realized in collaboration with Dr. 
Björn Schwanhäußer (MDC, Berlin) and Max Flöttmann (Humboldt University, 
Berlin). 
Light, medium heavy and heavy variants of a peptide were represented as clus-
ters in an MS-output plot and discriminated due to their mass difference generat-
ed by the isotopic atoms. Quantification analysis was performed using the Max-
Quant software [205] based on the formation of ratios within each isotope clus-
ter. The measured peptides were aligned with dog protein databases (Mascot, 
Uniprot) which were in silico digested with the aforementioned proteases. Identi-
fied peptides were assigned to their biological process using gene ontology (GO) 
enrichment analysis via a hypergeometric test [206] package in Bioconductor for 
individual clusters with the complete set of measured genes as a background 
distribution. 
The Gene Ontology Consortium provides an appropriate source of annotations for 
gene products and their properties. These include a cellular component, the mo-
lecular function and the biological process relevant in living systems like cells, 
tissues or organs. To exemplary elucidate this annotation the GO terms of cyto-
chrom c are the following: mitochondrial matrix and mitochondrial inner mem-
brane (= cellular component terms), oxidoreductase activity (=molecular function 
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term) and oxidative phosphorylation and induction of cell death (=biological pro-
cess terms). 
The requirement of a hypergeometric test results from the structure of the given 
data set: the MS analysis offers a peptide list which is connected to the corre-
sponding GO term list. 
The amount of genes in a given list (cluster) determines the value of expected 
frequency how often a certain GO term was assigned to this cluster. The proba-
bility that the expected value matches with the real one is expressed as p-values 
ranging from 0 to 1. In the hypergeometric test a GO term receives a low p-value 
if the real value exceeds the expected one.  
Proteomic phenotyping for GO terms of the time point 8 h p.i. was performed as 
described in Pan et al. 2009 [194]. The distribution of measured log2 fold chang-
es was divided into 4 quantiles. For each quantile a GO term enrichment test was 
repeated with all measured genes as background.  
If a GO term reached a p-value > 0.5 for one of the quantiles it was transformed 
by -log10(p-value) and standardized using the following equation: 
( )[ ]
( )xsd
xmeanxz −=  
, where z is the standard score (dimensionless), x is the raw score (= p-value), 
mean(x) is the mean of all GO terms, sd (x) is the standard deviation. 
The result of this conversion process were basically used to compute a 2D display 
of all values of the given data matrix. In a so called heat map the z-transformed 
p-values are hierarchically presented in a colour-coded diagram. 
Clustering of GO terms was realized by standardizing the log2 fold-changes for 
the whole recorded infection time course of 8 h running a soft clustering algo-
rithm, the fuzzy-c-means from the Mfuzz package [207] in Bioconductor [208]. 
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This method provides on the one hand a very noise robust performance and on 
the other hand simplification of further filtering of relevant genes for each cluster. 
Accordingly, the membership value (0 – 1) is designated for each protein to the 
corresponding cluster and also subject to the fuzziness value c each appoint can 
be assigned to more than one cluster. The membership value defines the dis-
tance of a gene from the cluster centre. The number of clusters (c = 6) was de-






4.1 STUDIES ON THE NEURAMINIDASE TRANSCRIPT OF INFLUENZA A VIRUS  
In fields of virology and medicine it is of great interest to investigate the virus 
replication in detail. Designing new and efficient antiviral drugs relies on the 
complete knowledge of the whole infection cycle. After attachment and fusion 
the production of viral mRNA is the first critical step for infection establishment.  
In the following paragraphs of this chapter a novel strategy to investigate the 
time-resolved progression of viral mRNA synthesis in vitro and its cellular localisa-
tion in living infected MDCK cells using sequence specific FIT-PNAs is described. 
For initial experiments the neuraminidase transcript of influenza A virus was cho-
sen as target due to its high relevance for the viral replication (please review 
Introduction chapters 1.2 to 1.4) and the possibility to use an accessible target 
sequence described in a previous imaging study [121]. All presented results in 
chapters 4.1.1 to 4.1.6 were published in Kummer et al. 2011 [183].  
4.1.1 IDENTIFICATION OF A SUITABLE FIT-PNA  
The solid phase synthesis [178]  and fluorescence spectroscopy was performed 
by Dr. A. Knoll (Institute of Chemistry, Humboldt University Berlin) for all used 
PNA molecules. 
The suitable FIT-PNA 1a was chosen out of the PNA oligomers listed in table 4. 
Keeping the length of the PNA oligomers constant, the TO-containing PNA-
monomer was shifted through the sequence. 
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Table 4: PNA oligomers used to identify suitable FIT-PNA 1a with corresponding en-
hancement factors upon hybridisation with complementary target at 37 °C. Lys = Lysine 











Figure 9: Chemical structure of FIT-PNA 1a. 
 
Aiming on the development of a probe applicable for mRNA imaging in living cells 
and for quantification of mRNA expression levels by real-time PCR analysis the 
probe was tested at both conditions. Accordingly, fluorescence spectra of FIT-




were recorded. To emulate the physiological condition in living cells RNA 3a (see 
3.1.9) was used as target at 37 °C and to maintain RT-PCR conditions DNA 5 was 
employed as target at 60 °C. FIT-probe 1a provided an 11-fold increase of the TO 
emission upon hybridisation with complementary RNA target 3a and a 12-fold 
increase upon hybridisation with DNA 5 at 60 °C (see figure 10). 
 
Figure 10: Fluorescence spectroscopic measurements of FIT-PNA 1a. Excitation wave-
length was set to 485 nm. FIT-PNA 1a in presence (solid) and absence (dotted) of 
matched H1N1 RNA 3a (left panel) and H1N1 DNA target 5 (right panel) at 37 °C and 60 
°C, respectively. Conditions: 1 µM probe and 10 µM target in 100 mM NaCl, 10 mM 
NaH2PO4, pH 7.0. 
 
The N1 specificity of FIT-PNA 1a was confirmed by employing the sequence of 
the influenza A swine H1N1/Mexico/2009 variant which is shortened in length but 
the remaining sequence is identical to the A/PR/8 strain ( see figure 11).  
Additionally, the sub-type specificity was assessed employing the analogous se-
quence of the X-31 influenza A strain (NA mRNA, H3N2, nt 16–32). The X-31 
sequence exhibits seven continuous matched base pairs situated in proximity to 
the TO base surrogate. Nevertheless, the fluorescence intensity of FIT-PNA 1a 
remained virtually unchanged upon supplementation of RNA 4 (see figure 11) at 
37 °C.  
 





Figure 11: Fluorescence spectroscopic measurement of FIT-PNA 1a. Excitation wave-
length was set to 485 nm. Emission spectra  of FIT-PNA 1a in presence (solid, grey) and 
absence (dotted) of semi-matched H3N2 RNA 4 as well as in presence of the H1N1 2009 
RNA (solid, black) was recorded from 500 nm to 700 nm at 37 °C. Conditions: 1 µM 
probe and 10 µM target in 100 mM NaCl, 10 mM NaH2PO4, pH 7.0. 
 
 
4.1.2 MEASUREMENT  OF FIT-PNA BIOSTABILITY IN CELL LYSATE 
One of the main issues in nucleic acid research is the biostability of the detection 
probes. For instance fluorescent RNA or DNA oligomers for FISH (fluorescence in-
situ hybridisation) applications lack nuclease-resistance and therefore their usage 
is essentially limited to fixed cells.  
The enhanced biostability of FIT-PNAs relies on the peptide backbone (see Intro-
duction chapter 1.6.3). This was demonstrated by comparing the fluorescence 
intensity of the FIT-PNA 1a with a DNA-Molecular Beacon (MB 2) both bound to 
the complementary RNA target  over a time-scale of 60 min in MDCK cell lysate 
(see chapter 3.2.2.6).  
The fluorescence intensity of MB 2 increased and consequently the sensitivity 
decreased by more than 40% as a result of just 60 min exposure to the cell ly-
sate. This phenomenon can be caused by nuclease-mediated degradation and/or 
unselective binding of DNA binding proteins. This separates the chromophores 




increase of fluorescence F/F0 provided by FIT-probe 1a remained high, regard-
less of the duration of exposure as shown in figure 12. 
 
Figure 12: Relative fluorescent intensities of FIT-PNA 1a and MB 2 in cell lysate upon 
addition of complementary target. Probes were excited at 485 nm and 559 nm and emis-
sion was recorded at 530 nm and 593 nm for FIT-PNA 1a and MB 2, respectively. Condi-
tions: 1 µM probe, 10 µM RNA target in 100 µl cell lysate, 37 °C. 
 
We concluded that FIT-probe 1a is stable in cell lysates and thus, very likely also 
in living cells.  
4.1.3 REAL-TIME QUANTITATIVE PCR 
Real-time qPCR is frequently employed in the field of gene expression research. 
With the help of this sensitive method even very small changes in the expression 
level are detected. In this work RT-qPCR was used to assess the viral mRNA pro-
duction during the infection cycle of influenza A/PR/8 in MDCK cells. The applied 
infection protocol, total RNA purification from MDCK cells, in vitro cDNA synthesis 
and RT-qPCR were carried out as described (see chapters 3.2.4.1 to 3.2.4.4). 
In contrast to standard RT-PCR the detection fluorophore SYBR-Green (Invitro-
gen) was replaced by the NA specific FIT-PNA 1a. The increase in TO fluores-
cence during the amplification revealed the synthesis of an influenza A/PR/8 NA 
specific sequence in infected samples, which was not observed for the non-
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template control (absence of cDNA) and for non-infected MDCK cells ( see figure 
13, left panel).  
For quantitative analysis, a 10-fold dilution series of the amplicon was performed 
(see figure 13, right panel) and from this data a calibration curve was calculated 
(see figure 14). The cycle numbers needed to furnish threshold fluorescence 
(threefold above the average of non-template control fluorescence emission at 
cycles 3 – 12) were plotted against the template concentration. The CT value is 
linear, inversely proportional to the corresponding logarithmic template concen-
tration: if the concentration of template decreases, the CT value increases, be-
cause there is less specific product synthesised. Therefore the coefficient of de-
termination R2 is used to estimate the proportion of variability in a data set. R2 
(given in figure 14) showed a high correlation and revealed high amplification 
efficiency and specificity. Over at least seven orders of magnitude the FIT-probe 
1a provided a linear measuring range.  
 
Figure 13: Quantitative Real-time PCR analysis. Left: Amplification curve on measuring 
fluorescence of FIT-PNA 1a in response to 1 ng cDNA obtained from influenza A/PR/8 
infected MDCK cells 4.5 h p.i. (solid, grey), non-infected control cells (solid, black) and 
the non-template control (dotted). Right: Amplification curve of a short sequence encod-
ing for the NA (H1N1) in a 10-fold dilution series. For conditions please review chapter 






Figure 14: Logarithmic presentation of the calibration curve. Cycle of threshold values 
plotted against the logarithm of the template concentration in ng/µl to estimate the spec-
ificity of the RT-qPCR (R2).  
 
The results of the qPCR analysis revealed the time-dependency of the expression 
levels of viral mRNA. In figure 15 the NA copy number per 1 ng cDNA at 1 - 9 h 
p.i. is given. The graphed results revealed the required time of the virus to attain 
the maximal level of NA mRNA at 4 – 5 h p.i., which means that approximately 
105 copies of NA mRNA per ng cDNA were used as template in qPCR.  
In addition, assuming that 106 MDCK cells were used per sample one can roughly 
estimate the maximum NA mRNA level corresponding to about 104 copies per 
infected cell. This is in agreement with data reported for MDCK cells infected with 
an influenza A virus reassortant (A/NWS/33HA-G70cΔNAMviA, H1N9). In this 
study 105 copies of total viral mRNA per cell 7 h p.i. were detected by a ribonu-
clease protection assay [209].  




Figure 15: Time course of the NA mRNA copy number per ng cDNA of influenza A/PR/8 
infected MDCK cells. The calculation relies on the calibration curve (Figure 14) obtained 
from the RT-qPCR analysis. Mean ±SEM of three independent experiments is plotted. 
 
The viral mRNA expression levels decreased at prolonged times after infection 
illustrating the switch from transcription to replication mode. 
4.1.4 VERIFICATION OF INFLUENZA A INFECTION 
For fluorescence intensity data analysis the cells were selected manually from 
images (see chapter 4.1.6). Hence, it is important to determine the percentage 
of infected cells. Infection of MDCK cells with influenza A/PR/8, followed by spe-
cific labelling with an anti-NP (H1N1) antibody as well as a secondary goat anti-
mouse antibody was performed as described in chapters 3.2.3 and 3.2.5 5 h p.i. 
The confocal laser scanning microscopy images depicted in figure 16 indicate an 





Figure 16: Confocal laser scanning microscopy images of fixed MDCK cells stained with 
an anti-NP (H1N1) antibody. (A, B) Non-infected MDCK cells and (C, D) influenza A/PR/8 
infected MDCK cells (5 h p.i.) were labelled with an anti-NP (H1N1) antibody to deter-
mine the infection efficiency. Non-infected cells showed no fluorescence signal. In con-
trast the infected sample showed a strong nuclear NP staining. Images were acquired 
with an inverted confocal laser scanning microscope using a 60x oil-immersion objective 
at room temperature. Alexa 568 (anti-NP) was excited employing a 559 nm laser. White 
bars correspond to 10 μm. DIC = differential interference contrast 
 
4.1.5 VERIFICATION OF CELL VIABILITY 
FIT-PNAs were transferred into living MDCK cells using streptolysin O. As a con-
sequence of the SLO treatment and reversible permeabilisation of the plasma 
membrane the cell viability might be impaired in cell damage and death. Here, a 
cell vitality test based on propidium iodide, which is excluded by intact cells, was 
employed to address this important issue. As demonstrated in figure 17 propidi-
um iodide was excluded from both MDCK cells treated with SLO and untreated 
MDCK cells showing just minor fluorescence inside the cells. In contrast, cells 
incubated at acidic conditions exhibited a strong propidium iodide signal. 




Figure 17: Confocal laser scanning microscopy images of living MDCK cells stained with 
propidium iodide (PI). (A, D) Untreated MDCK cells, (B, E) SLO-treated MDCK cells and 
(C, F) HCl-treated cells were incubated with PI for 10 min to determine the cell viability. 
Untreated and SLO-treated cells showed minor fluorescence signals. In contrast, the HCl-
treated sample demonstrated a positive PI incorporation. Images were acquired with an 
inverted confocal laser scanning microscope using a 60x water objective at room temper-
ature. PI was excited employing a 559 nm laser. White bars correspond to 10 μm. DIC = 




4.1.6 DETECTION OF NEURAMINIDASE  mRNA IN LIVING INFECTED MDCK CELLS 
Detailed information about a certain biological process requires preferably an 
easy examinable system that closely mimics in vivo conditions. Working in cell 
culture provides both: a living biological system and easy handling. For influenza 
A infection MDCK cells are the most prominent cell culture model system [210]. 
Employing this cell line the formation and localisation of NA mRNA was followed 
with the help of a sequence specific FIT-PNA. The probe 1a introduced in chapter 
4.1.1 was extended by PEGylation to enhance the solubility in the cell cytoplasm 
and to prevent segregation or nuclear import [211, 212]. The linkage of a poly-
ethylene glycol residue had just minor effects on its fluorescence responsiveness 
[183]. 
FIT-PNAs were transferred into living infected (and non-infected) MDCK cells 
grown on 35 mm glass bottom dishes enabled by SLO mediated plasma mem-
brane permeabilisation (see chapter 3.2.2.3).  
Considering the result of maximum NA mRNA level obtained by the above de-
scribed RT-qPCR (see chapters 3.2.4.3 and 3.2.4.4) images in figure 18 were 
acquired 4.5 h p.i. to obtain the maximum enhancement of fluorescence. A first 
visual inspection indicated a strong increase in fluorescence for the influenza A 
infected cells in comparison to non-infected cells. Neither Semliki Forest Virus 
(SFV) [213, 214] infected cells nor cells infected with influenza A but stained with 
VSV L protein specific FIT-PNA 1d evinced similar fluorescence patterns. The 
probe 1d fluoresced upon hybridisation with specific VSV L mRNA in infected 
BHK-21 cells (see chapter 4.4), but is virtually non-responsive in influenza infect-
ed cells. These control experiments proved that the increased fluorescence is due 
to specific complex formation of FIT-PNA 1b with NA mRNA, but not to virus in-
fection per se or unspecific binding processes mediated by proteins or nucleic 
acids. 
The signal distribution inside influenza A infected MDCK cells appeared non-
random. It is conceivably that due to regulatory, developmental and economical 
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aspects the (viral) mRNA is localised in subcellular compartments utilizing cellular 
transport mechanisms [211]. 
 
Figure 18: Confocal laser scanning microscopy images of living MDCK cells stained with 
FIT-PNAs. (A - D) Influenza A/PR/8 infected, (E - H) non-infected and (I - M) Semliki 
Forest Virus infected MDCK cells stained with FIT-PNA 1b (NA, H1N1) and (N – Q) influ-
enza A/PR/8 infected cells stained with FIT-PNA 1d (L, VSV) at 4.5 h p.i. All control sam-
ples (E – Q) showed minor fluorescence signals. In contrast, the influenza A/PR/8 infect-
ed and with the NA mRNA specific FIT-PNA treated MDCK cells exhibited high TO 
fluorescence signals. Images were acquired with an inverted confocal laser scanning 
microscope using a 60x water objective at 37 °C. TO was excited employing a 488 nm 





An evaluation of FIT-PNA 1b performance compared to MB was realized by 
measuring MB 2 used in a previous viral mRNA imaging study [121] and compar-
ing the fluorescence enhancement upon target binding in living infected MDCK 
cells. As illustrated in figure 19 the NA specific MB 2 showed just weak fluores-
cence signals. No significant difference between the infected and the non-
infected cells could be visually observed. 
 
Figure 19: Confocal laser scanning microscopy images of living MDCK cells stained with 
MB 2. (A - D) Influenza A/PR/8 infected and (E - H) non-infected MDCK cells stained with 
MB 2 (NA, H1N1) at 4.5 h p.i. A comparison of both samples revealed no clear difference 
in fluorescence intensity. Images were acquired with an inverted confocal laser scanning 
microscope using a 60x water objective at 37 °C. TMR was excited employing a 559 nm 
laser. White bars correspond to 10 μm. DIC = differential interference contrast 
 
For fluorescence intensity quantification an image analysis was performed using 
Image J. Regions of interest (ROI) including nucleus and cytoplasm were select-
ed as depicted in figure 20 and the mean fluorescence intensity per area was 
calculated by the programme. The background fluorescence was subtracted for 
each image and all values were normalised to the corresponding control.  
Images of influenza A infected MDCK cells stained with FIT-PNA 1b revealed a 
4.5-fold enhancement of fluorescence compared to non-infected MDCK cells. 
Control experiments were performed and supported this finding. While SFV in-
fected and FIT-PNA 1b treated cells showed a 1.1-fold increase in fluorescence, 
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for the influenza A infected but stained with FIT-PNA 1d MDCK cells no increase 
in fluorescence was observed.  
 
Figure 20: Image analysis using Image J for determining the enhancement factor. Row 
data images were used to calculate the mean fluorescence intensity of manually selected 




Figure 21: Relative fluorescence intensities of FIT-PNAs and MB 2 in living infected MDCK 
cells. The integrated fluorescence intensity values of influenza A/PR/8 NA specific FIT-
PNA 1b, VSV L protein specific FIT-PNA 1d and influenza A/PR/8 NA specific MB 2 in 
MDCK cells infected with influenza A/PR/8 or infected with SFV, respectively, are shown. 
Normalized values are indicated as bars. Scatter bars correspond to SEM. Data represents 




4.1.7 FACS BASED DETECTION OF INFLUENZA A INFECTION  
The FIT-PNA technique is applicable to a variety of diagnostic standard methods. 
This was demonstrated by utilizing the neuraminidase specific FIT-PNA 1b to de-
tect influenza A infected MDCK cells in a FACS based approach (see figure 22). In 
contrast to the non-infected control, the influenza A/PR/8 infected cells showed 
an increased TO fluorescence signal. Furthermore, the shape of the intensity 
curve exhibited an additional maximum, which is called shoulder.  
A second control using the X-31 influenza A strain (H3N2) was included into the 
FACS analysis. This strain lacks completely the target sequence of FIT-PNA 1b. 
Interestingly, the X-31 infected MDCK cells revealed a decrease in detected TO 
fluorescence compared to the non-infected control indicating the presence of a 
partial matching sequence in the cellular transcriptome. For verification of the 
presented results the experiment was repeated three-times independently. All 
replicates confirmed the results plotted in figure 22. 
 
Figure 22: FACS analysis of influenza A infected MDCK cells using sequence specific FIT-
PNA 1b. MDCK cells were infected with the influenza A/PR/8 and the X-31 strain (see 
3.2.3). After 4.5 h incubation the cells were trypsinized and fixed in solution. Cell perme-
abilisation and delivery of FIT-PNA 1b was performed using saponin. The shown histo-
gram presents non-gated data of 10000 counts. TO was excited at 494 nm and emission 
maximum was set to 519 nm. 
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4.2 STUDIES ON THE MATRIX PROTEIN 1 TRANSCRIPT OF INFLUENZA A VIRUS 
To investigate the progress of viral transcription is one of the most relevant is-
sues in influenza A research. This mechanism is highly conserved throughout the 
different influenza A virus strains and thus holds great promise for new antiviral 
strategies. During the viral replication cycle the coordinated action of the distinct 
viral proteins contributes to virus entry, genome release into the cytoplasm, tran-
scription, replication, protein biosyntheses, assembly and budding. Consequently, 
regulation of transcription in terms of function enforcement is conceivable. Are 
there any temporal differences in viral mRNA progression during the time course 
of replication?  
For this purpose a second FIT-PNA specific to the matrix protein 1 (M1) of influ-
enza A/PR/8 carrying a TO derivate called pyridinium benzothiazole (BO) as in-
tercalating fluorophore was designed and examined. 
4.2.1 IDENTIFICATION OF A SUITABLE PNA 
Based on the experience gained from the design of FIT-PNA 1b specific to NA 
mRNA the PNAs specific to M1 mRNA were composed with a centred base surro-
gate and a polyethylene glycol chain (PEG) to enhance the specific fluorescence 
signal and the solubility of the probe inside the cytosol, respectively.  
The FIT-PNA probe with the maximum enhancement (third PNA sequence in ta-
ble 5, figure 23) was chosen and named FIT-PNA 1c in the following. 
Table 5: PNA oligomers used to identify suitable FIT-PNA 1c with corresponding en-
hancement factors upon hybridisation with complementary target RNA at 37 °C. Lys = 
Lysine 










Figure 23: Chemical structure of PNA 1c. 
 
Measurements with the synthetic target sequence (H1N1) and a mismatch con-
trol (H3N2) revealed an enhancement factor of 5.7 and 2.0, respectively.  
 
Figure 24: Fluorescence spectroscopic measurements of FIT-PNA 1c. Excitation wave-
length was set to 440 nm. The fluorescence of FIT-PNA 1c in presence (solid, grey) and 
absence (dotted) of matched H1N1 RNA 3c and mismatched RNA target 4 (H3N2) was 
recorded from 450 nm to 600 nm at 37 °C. Conditions: 1 µM probe and 10 µM target in 
100 mM NaCl, 10 mM NaH2PO4, pH 7.0. 
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4.2.2 REAL-TIME QUANTITATIVE PCR 
Similarly to the neuraminidase mRNA progression studies using quantitative Real-
time PCR the synthesis of M1 mRNA during the replication cycle was estimated 
(for details please see chapter 4.1.3).  
With one exception the RT-qPCR was performed following the described protocol 
(see chapter 3.2.4.3): the M1 specific FIT-PNA 1c was used as the detecting 
probe. Therefore excitation and emission conditions had to be adjusted to the BO 
fluorescence properties. The probe was excited using a 450/25 nm excitation 
filter and emission was recorded with the help of a 485/20 nm emission filter. 
In this case, the increase in BO fluorescence directly correlated to the amplifica-
tion of an M1 specific sequence in influenza A/PR/8 infected samples. For the 
non-template and the non-infected control samples no specific sequence amplifi-
cation was observed.  
Using the same principle as described above a 10-fold dilution series (see figure 
25) of the amplicon was analysed to generate a calibration curve (see figure 26) 
and to quantify the amount of M1 mRNA molecules in infected MDCK cells (see 





Figure 25: Amplification curve of a 101 bp in length sequence encoding for the M1 
(H1N1) in a 10-fold dilution series. For conditions please review chapter 3.2.4.3. The 




Figure 26: Logarithmic presentation of the calibration curve. Cycle of threshold values 
plotted against the logarithm of the template concentration ng/µl to estimate the specific-
ity of the RT-qPCR (R2).  
 
 




Figure 27: Time course of the M1 mRNA copy number per ng cDNA of influenza A/PR/8 
infected MDCK cells. The calculation relies on the calibration curve (see figure 18) result-
ed from the RT-qPCR analysis. Mean ±SEM of three independent experiments is plotted.  
 
4.2.3 DETECTION OF MATRIX PROTEIN 1 mRNA IN LIVING INFECTED MDCK CELLS 
The applied staining protocol for the SLO-mediated delivery of FIT-PNA 1b was 
adjusted to the time requirements of the M1 mRNA progression as determined by 
the above described RT-qPCR analysis. Therefore imaging was performed at 5 h 
p.i. 
Living influenza A/PR/8 infected MDCK cells 5 h p.i. showed an intense cytosolic 
fluorescence signal (see figure 28). The low fluorescence signals in the non-
infected and SFV infected MDCK cells supported the sequence specificity of PNAs, 
especially of PNA 1c.  
Interestingly, the intracellular fluorescence pattern differs from that of the FIT-
PNA 1b based staining of NA mRNA. This phenomenon remains to be clarified by 
simultaneous detection of M1 mRNA and NA mRNA in living infected cells (see 





Figure 28: Confocal laser scanning microscopy images of living MDCK cells stained with 
FIT-PNA 1c. (A - D) Influenza A/PR/8 infected, (E - H) non-infected and (I - M) Semliki 
Forest Virus infected MDCK cells stained with FIT-PNA 1c (M1, H1N1) at 5 h p.i. The con-
trol samples (E-M) showed minor fluorescence signals. In contrast, the influenza A/PR/8 
infected and with the M1 mRNA specific FIT-PNA treated MDCK cells exhibited high BO 
fluorescence signals. Images were acquired with an inverted confocal laser scanning 
microscope using a 60x water objective at 37 °C. BO was excited at 440 nm. White bars 
correspond to 10 μm. DIC = differential interference contrast 
 
Image analysis for fluorescence intensity calculations was performed according to 
the procedure described for FIT-PNA 1b. The mean fluorescence intensity of BO 
in influenza A infected MDCK cells showed an enhancement factor of 6.97 com-
pared to the non-infected control. In contrast, SFV infected MDCK cells revealed 
only a 1.2-fold increase of intensity (see figure 29). 




Figure 29: Relative fluorescence intensities of FIT-PNA 1c in living infected MDCK cells. 
The integrated fluorescence intensity values of influenza A/PR/8 M1 specific FIT-PNA 1c 
in MDCK cells infected with influenza A/PR/8 or infected with SFV, respectively, are 
graphed. Normalization was performed referring to the corresponding mean of the con-
trol (non-infected). Scatter bars correspond to SEM. Data represents three independent 
experiments with five cells per experiment (n=15). 
 
4.3 SIMULTANEOUS STUDY ON THE NEURAMINDASE AND MATRIX PROTEIN 1 
TRANSCRIPTS 
Another crucial benefit of the introduced probes using intercalating fluorophores 
for a sequence specific detection of viral mRNA in living infected cells is the pos-
sibility of a simultaneous visualisation of several mRNA species. 
4.3.1 IMAGING CONDITIONS 
Considering the emission spectra (see figure 30) of both fluorophores, thiazole 
orange and pyridium benzothiazole, the emission range was adjusted in order to 
prevent cross-talk between both channels (TO: 530 nm - 600 nm, BO: 460 nm - 





Figure 30: Relative fluorescence spectra of intercalating fluorophores. BO = pyridium 
benzothiazole organge, YO = oxazole yellow, TO = thiazole orange, MO = thiazole pyri-
dine 
 
However, the emission of BO could lead to an excitation of the TO fluorophore 
and thus to false positive signals. Therefore BO and TO were measured in the 
other respective channel (see figure 31). This control revealed that the cross-talk 
effect is negligible in the case of localisation studies. But it is recommended to 
perform the experiments for fluorescence enhancement calculations upon se-
quence specific hybridisation in living cells separately. 




Figure 31: Confocal laser scanning microscopy images of living influenza A/PR/8 infected 
MDCK cells measured in the BO (Ex = 440 nm) and the TO (Ex = 484 nm) channel. 
MDCK cells were stained with (A-C) PNA 1c (BO, M1 specific) or (D-F) FIT-PNA 1b (TO, 
NA specific) and imaged at 5 h p.i. Each probe was excited by both channels sequentially. 
Images were acquired with an inverted confocal laser scanning microscope using a 60x 
water objective at 37 °C. White bars correspond to 10 μm. DIC = differential interference 
contrast 
 
4.3.2 SIMULTANEOUS DETECTION OF NEURAMINIDASE AND MATRIX PROTEIN 1 
mRNA IN LIVING INFECTED MDCK CELLS  
As discussed earlier, the pattern of fluorescence signal due to specific binding of 
PNA 1c displayed variations in signal intensity as highlighted by white arrows in 
figure 32 (A, E, I). In contrast, the fluorescence signal of FIT-PNA 1b seemed to 






Figure 32: Confocal laser scanning microscopy images of living influenza A/PR/8 infected 
MDCK cells measured in the BO (Ex = 440 nm) and the TO (Ex = 484 nm) channel. 
MDCK cells were stained with PNA 1c (BO, M1 specific) and FIT-PNA 1b (TO, NA specific) 
and imaged at 5 h p.i. Each probe was excited for both channels sequentially. Arrows 
point at regions of high fluorescence intensity. Images were acquired with an inverted 
confocal laser scanning microscope using a 60x water objective at 37 °C. White bars 
correspond to 10 μm. DIC = differential interference contrast 
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4.4 STUDIES ON THE RNA-DEPENDENT RNA POLYMERASE TRANSCRIPT OF 
VESICULAR STOMATITIS VIRUS 
The sequence specific detection of viral mRNA inside the infected cells was im-
plemented to investigate the Vesicular Stomatitis Virus (VSV) replication. This 
demonstrates the versatile application options of the FIT-PNA technique. 
VSV belongs to the group of negative-sense single-stranded non-segmented RNA 
viruses (mononegavirales), precisely to the Rhabodoviridae family. It causes seri-
ous zootic vesicular disease in cattle, pigs, horses and numerous other species 
[215-218]. The genome is composed of a sequential arrangement of genes which 
are separated by non-coding intergenic regions. The RNA-dependent RNA poly-
merase (= L protein) is the most crucial protein of VSV [219]. It mediates the 
transcription of the negative ssRNA into positive strands mimicking cellular mRNA 
molecules. Mammalian cells lack such an enzyme making the L protein essential 
for VSV replication. The VSV specific FIT-PNA was designed to target the highly 
conserved region of the L protein situated at the 5´end of the viral genome [220-
222]. 
4.4.1 IDENTIFICATION OF A SUITABLE FIT-PNA 
First, to design appropriate probes, mfold calculations were carried out with the 
help of the prediction tools on the Zuker webpage (see 3.1.10) to assess the 
secondary structure of the respective mRNA molecule (see figure 33).  
To identify conserved regions, the L gene of experimentally used virus particles 
was sequenced by the Meixner GmbH (Berlin). The obtained sequence was 
aligned to the one given in the PubMed database (NC_001560, Indiana strain). 






Figure 33: Secondary structure of the L protein mRNA (VSV) predicted by mfold. The 
structure was obtained using the mfold calculator. The inset shows a magnification of the 
target region used as template for the FIT-PNA design (sequence marked with red bars). 
 
 
A single stranded sequence inside a conserved region was chosen and ten PNA 
oligomers (listed in table 6) were synthesized with changing position of the TO 
base surrogate. Furthermore, for solubility improvement, different amino acid 
residues were tested. The PNA with the maximum increase in fluorescence upon 
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Table 6: PNA oligomers used to identify suitable FIT-PNA 1d with corresponding en-
hancement factors upon hybridisation with complementary target at 37 °C. Lys = Lysine, 
Glu = Glutamic acid, Gly = Glycine 













Figure 34: Fluorescence spectroscopic measurement of FIT-PNA 1d. Excitation wave-
length was set to 485 nm. FIT-PNA 1c was measured in presence (solid) and absence 
(dotted) of matched target RNA 6 at 37 °C. Conditions: 1 µM probe and 10 µM target in 




4.4.2 VERIFICATION OF VESICULAR STOMATITIS VIRUS INFECTION 
To determine the VSV infection the glycoprotein G of VSV [216] was visualized 
using a polyclonal antibody in combination with a Cy3 conjugated secondary goat 
anti-rabbit IgG antibody. The ICC was performed 3 h p.i. as described above (see 
chapters 3.2.3 and 3.2.5). The near quantitative staining of VSV infected BHK-21 
cells revealed ~100% VSV G positive cells (see figure 35). Because the image 
analysis was performed manually, the percentage of infected cells is of great rel-
evance. 
 
Figure 35: Confocal laser scanning microscopy images of fixed BHK-21 cells stained with 
an anti-G (VSV) antibody. (A, B) Non-infected BHK-21 cells and (C, D) VSV infected BHK-
21 cells (3 h p.i.) were labelled with an anti-G (VSV) polyclonal antibody to determine the 
percentage of infected cells. Non-infected cells showed no fluorescence signal. In con-
trast the infected sample showed a strong G (VSV) staining. Images were acquired with 
an inverted confocal laser scanning microscope using a 60x oil-immersion objective at 
room temperature. Cy3 (goat anti-rabbit IgG) was excited employing a 559 nm laser. 
White bars correspond to 10 μm. DIC = differential interference contrast 
 
 
4.4.3 DETECTION OF L PROTEIN mRNA IN FIXED BHK-21 CELLS 
To apply the SLO-mediated FIT-PNA delivery failed for BHK-21 cells. In contrast 
to the intercellular adhesion of epithelial MDCK cells, fibroblasts lack strong con-
nections to neighboring cells and thus were not able to survive the plasma mem-
brane permeabilisation. Therefore BHK-21 cells were subjected to fixation and 
Triton X-100 treatment to transfer FIT-PNA probes into the cytoplasm.  
Hence, it was not possible to carry out a continuous time-resolved measurement 
of the fluorescence progression during the VSV replication cycle due to the 
aforementioned delivery problem. The time course illustrated in figure 36 repre-
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sents samples where the replication cycle was interrupted at various time points 
(0 min, 30 min, 60 min, 90 min, 120 min, 150 min) post infection by fixation.  
After staining with the VSV L protein specific FIT-PNA 1d, an increase in TO fluo-
rescence was observed for the samples at 60 min p.i. and 90 min p.i. (see figure 
36 A) compared to the starting point (0 min p.i.). At 120 min p.i. the fluorescence 
signal returned to its basic intensity. A comparison to non-infected control cells 
(see figure 36 B) or SFV infected cells (see figure 36 C) showed minor non-
significant changes in fluorescence intensities over the same time scale indicating 
that probe 1d selectively responded to viral mRNA and fluorescence enhance-
ment was not due to unexpected degradation and/or binding processes. 
It is known, that during the fixation, preferentially the lysine residues of the pro-
teins were cross-linked by paraformaldehyde preserving secondary and even ter-
tiary structures. Whether there is an influence on the secondary structure of the 
viral mRNA which has an impact on the accessibility of the target sequence can-
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Figure 36: Confocal laser scanning microscopy images of fixed BHK-21 cells stained with 
FIT-PNA 1d in a 150 min time course. (A) VSV infected, (B) non-infected and (C) Semliki 
Forest Virus infected BHK-21 cells stained with FIT-PNA 1d (L Protein, VSV). The samples 
were fixed and stained at the indicated time point p.i. All control samples (B, C) showed 
minor variation in fluorescence signals. In contrast, the VSV infected BHK-21 cells exhib-
ited an enhancement of TO fluorescence intensity 60 – 90 min p.i. Images were acquired 
with an inverted confocal laser scanning microscope using a 60x oil-immersion objective 
at 37 °C. TO was excited employing a 488 nm laser. White bars correspond to 10 μm. 
DIC = differential interference contrast 
 
 
For quantitative analysis the method described in chapter 4.1.6 was applied to 
determine the fluorescence enhancement. Importantly, in this study the nucleus 
was not included in the calculation of the mean fluorescence intensity.  
Data analysis verified the visual observation. For the non-infected and SFV in-
fected BHK-21 cells stained with the FIT-PNA 1d specific to VSV L protein mRNA 
no significant change in fluorescence intensity was determined (figure 37, upper 
right and lower left graph, respectively). An additional control was included, 
namely VSV infected BHK-21 cells stained with FIT-PNA 1b (NA mRNA, H1N1). 
These cells exhibited no significant fluorescence intensity over the time course as 
the aforementioned controls demonstrating again the specificity of the FIT-PNA 
1d. 
In contrast, upon normalization to the corresponding basic fluorescence intensity 
(0 min p.i.) the VSV infected BHK-21 cells which were treated with the specific 





Figure 37: Fluorescence intensity of VSV L specific FIT-PNA 1c in fixed BHK-21 cells. The 
absolute fluorescence intensity of VSV infected (upper left), non-infected (upper right), 
and SFV infected (lower left) fixed BHK-21 cells stained with FIT-PNA 1d as well as VSV 
infected BHK-21 cells stained with FIT-PNA 1b (NA, H1N1) is graphed for various time 
points p.i. from 0 to 150 min p.i. CLSM images were analysed following the procedure 
described in chapter 4.1.6 excluding the cell nucleus. The mean fluorescence intensity 
per area was normalized to the intensity at time 0 min p.i. and plotted with SEM. Data 
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4.5 PROTEOMIC STUDIES OF INFLUENZA A INFECTED MDCK CELLS ON A 
SYSTEMS LEVEL USING STABLE ISOTOPE LABELLING OF AMINO ACIDS IN CELL 
CULTURE (SILAC)  
Global quantitative analysis of host cell proteomes among others is destined to 
revolutionize the understanding of viral host interaction. The impact on the host 
cell proteome upon influenza A infection was analysed using SILAC in combina-
tion with LC-MS (see chapter 3.2.8). Samples of infected MDCK cells 0 to 8 h p.i. 
were investigated. 
As a result of an alignment to the dog protein data set, GO annotations and an 
applied hypergeometric test (see chapter 3.2.9) the identified proteins were clus-
tered by their specific abundance variation (see figure 38). In general, the pro-
tein abundance increased for the majority of identified proteins comparing the 





Figure 38: Fold-change distribution of the MDCK proteome upon 8 h infection by influen-
za A virus. The total protein amount is plotted against the Log2 fold change in protein 
abundance for each cluster. The histogram is divided into four quantiles according to the 
relative protein expression (0 – 5 %, 5 – 25 %, 25 -75 %, 75 – 100 %).  
*5-25% 
The presented clusters were assigned to higher-order groups according to their 
relative expression into 4 quantiles: 0 - 5 %, 5 – 25 %, 25 – 75 % and 75 – 100 
%. A classification into quantiles enabled the evaluation with respect to the mag-
nitude of abundance variation. Each quantile was assessed separately for over-
represented biological processes based on the gene ontology pathway analysis 
and the resulting categories were clustered concerning their z-transformed p val-
ues in a so called heat map (see figure 39). This enabled the visual interpretation 
of the infected MDCK cell phenotype after 8 h p.i. in terms of functional modules 
on a systems level. 
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Selection of the most prominent biological processes of each quantile resulted in 
a simplified visual interpretation. In the first category (0 – 5 %), proteins which 
are responsible for lipid metabolism, like lipoprotein biosynthesis, amino acid lipi-
dation as well as phospholipid, membrane lipid and glycolipid metabolism, were 
over-represented. Interestingly, also cell adhesion mediating proteins were regis-
tered. These proteins were stronger down-regulated than the remaining 95 %. 
The second category (5 – 25 %) is dominated by proteins involved in ion homeo-
stasis of the cell. The two first categories indicated that 25 % of all proteins were 
down-regulated. Remarkably, for the main fraction of the identified proteins the 
estimated abundance remained constant or showed only moderate up-regulation 
upon influenza A virus infection. Proteins related to RNA biosynthetic processes, 
like mRNA processing, RNA localisation and splicing, RNA metabolism, as well as 
factors responsible for positive regulation of gene expression were over-
represented in this third quantile. 
The fourth quantile “75-100%” included proteins which were higher up-regulated 
than the remaining 75 % of all proteins. Considering their GO annotation these 
proteins were categorized to the following cellular functions: programmed cell 






Figure 39: Functional phenotyping of the influenza A/PR/8 infected MDCK cell proteome. 
Quantiles resulting from the quantification histogram (see figure 38) are indicated at the 
top of the heat map. Each quantile was separately analysed for gene ontology pathways 
and clustered for the z-transformed p values. The most prominent representatives of all 
over-represented biological processes of each quantile were selected and annotated. At 
the bottom left a histogram of the z-transformed p-values is plotted.  
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Further, an mfuzz clustering was performed resulting in cellular protein groups 
showing the same dynamics in protein level change during the influenza A virus 
infection. This method relies on the characterization of single GO terms over the 
whole time course based on their membership value. (see figure 40, cluster 1-6). 
While the heat map enabled an absolute evaluation of the protein abundance 
change in MDCK cells after 8 h p.i., the mfuzz clustering provided for a detailed 
time-resolved analysis. 
 
Figure 40: Fuzzy c-means clustering of the cellular proteins over the infection time course 
(0 – 8 h p.i.). Proteins were analysed according to their expression pattern. The time 




Generally the mfuzz clustering in the first instance revealed 6 groups with a cer-
tain expression pattern. Interestingly, for most of the clusters the important time 
point seemed to be 2 h p.i. indicating the viral impact on cellular processes or the 
cellular response to viral infection.  
For the transcription of the viral genome, the usage of cap structures originating 
from cellular mRNA molecules as initiation primers is essential. This mechanism 
realized by the viral polymerase complex is named cap snatching and results in 
the premature degradation of cellular mRNA molecules. This may hint at the 
causal correlation of the expression pattern graphed as cluster 1. Here, processes 
of the lipid metabolism and mitochondrion organization (inter alia, ATP syntheses 
coupled electron transport chain) were over-represented and decreased in abun-
dance over the time course of infection.  
Cluster 2 showed a comparable expression pattern like cluster 3 but with greater 
value alterations of expression. Even on the functional level these two clusters 
seemed to be connected. Proteins of cluster 2 were involved in gene expression 
processes (e.g. positive regulation of gene expression, negative and positive reg-
ulation of transcription from RNA polymerase II promoter and transcription in 
general). All these proteins control or establish protein expression and thus are 
required for all regulated proteins during the analysed time range. 
A consistent increase in protein level 0 – 8 h p.i. was found for all GO terms as-
signed to cluster 3. They represent three main functional subgroups: processes 
related to apoptosis (ubiquitination, proteolysis, actin filament and microtubule 
organization), to RNA metabolism (RNA splicing, localisation, transport) and to 
antiviral response (defence response to virus, regulation of immune effector re-
sponse). The finding is in accordance with the expected reaction of the host cell 
faced with a viral infection. 
Proteins involved in chromosome organization, DNA packaging, chromatin as-
sembly and disassembly, and nucleosome assembly were over-represented in 
cluster 4. Despite the causal correlation to the physiological reaction of the in-
   RESULTS 
 
87 
duced apoptosis in influenza A virus infected cells, Garcia-Robles et al. 2005 
[223] revealed that in purified nucleosomes the RNP complexes bind to the his-
tone tails and M1 to the globular domain of the histone octamer. The hypothesis 
that viral proteins alter the chromatin structure is supported by the findings of 
Takizawa et al. 2006 [224] who observed that vRNPs associate partially with the 
dense chromatin where viral transcription and replication takes place.  
Although due to the cap snatching mechanism a wide range of cellular mRNA 
molecules might be destroyed, the cell integrity seemed to be intact until 8 h p.i. 
This conclusion is based on the protein composition of cluster 5 including mainly 
house-keeping genes. 
Cluster 6 clearly demonstrated the demand on a time-dependent analysis to re-
veal the detailed information about the protein abundance changes upon influen-
za A virus infection. The heat map (see figure 39) indicated a reduction in pro-
teins responsible for ion homoeostasis while the time-dependent functional 
cluster analysis showed an increase in abundance until 2 h p.i. followed by a 
drastic decrease which is evinced by the heat map.  
For detailed information concerning the cluster composition please review table 
7. 
Figure 41 elucidates the dynamic process of protein abundance change upon 
influenza A virus infection for specified protein groups which are the influenza A 
virus proteins, virus-host interaction partners identified in a previous RNAi screen 
[83] and proteins exhibiting GO annotations assigned to antiviral response.  
The curves of the diagrams were generated with values which were normalized 
to the mean of each data set. This enables the logarithmic presentation of the 
protein abundance change. The abundance change of the viral proteins was re-
ferred to 1 h p.i. due to the fact that these proteins are not present in the control 
sample (0 h p.i.). Whereas the NP and the NS1 protein showed a strong increase 




M1 and HA exhibited a more linear protein progression during the recorded time 
scale (Figure 33 A).  
Karlas et al. 2010 [83] estimated 6 host factors crucial for influenza A virus repli-
cation as verified by an RNA interference approach in combination with an indi-
rect NP-luciferase-reporter assay. The results of this study are limited to the ab-
solute determination of negative effects on viral replication after 24 h. In the 
presented work 5 out of these virus host interaction partners were identified in 
the SILAC experiment enabling a time-resolved analysis of the dynamic processes 
in the early stage of infection. For example, the COPG (coat protein gamma) pro-
tein abundance strongly increased starting at 2 h p.i. by nearly 1 magnitude. 
COPG belongs to the COP proteins which mediate the biosynthetic transport from 
the endoplasmatic reticulum to the golgi apparatus, up to the trans-golgi network 
[225]. The transmembrane viral proteins require this transport mechanism for an 
efficient posttranslational modification of the HA and the NA protein.  
In figure 41 C proteins which were annotated to the GO term antiviral defence 
and/or response were analysed in their abundance change during the time 
course 0 – 8 h p.i. The protein level of the majority of these antiviral proteins 
remained essentially constant over the whole recorded time-scale. While proteins 
like SERPIN B6 (serin protease inhibitor) [226], CAD (carbamyl phosphate syn-
thetase II, aspartate transcarbamylase, and dihydroorotase; pyrimidine biosyn-
thesis pathway) [227] and SF1 (splicing factor 1) [228] increased in abundance, 
the ZER 1 protein (recruitment of ubiquitin ligase complex) [229] dramatically 
decreased after 2 h p.i. for more than 4 magnitudes until 4 h p.i. and recovered 
in the following.  
 




Figure 41: Logarithmic presentation of the protein abundance fold change of functional 
clusters upon the time course of influenza A virus infection (0 – 8 h p.i). in MDCK cells. 
(A) Influenza A proteins, (B) cellular interaction partners crucial for efficient replication 
and (C) proteins involved in antiviral defence. The time range is not displayed linear due 









Table 7: Gene ontology pathways enriched in fuzzy c-means clusters illustrated in figure 
40. 
Cluster 1 
sphingolipid biosynthetic process 
ATP synthesis coupled electron transport 
electron transport chain 
transmembrane transport 
lipid biosynthetic process 
membrane lipid metabolic process 
behavioral fear response 
sphingomyelin biosynthetic process 
photorespiration 
response to endoplasmic reticulum stress 
learning 
ER-nucleus signaling pathway 
neutral lipid metabolic process 
protein targeting to mitochondrion 
cation transport 
mitochondrial respiratory chain complex assembly 
energy derivation by oxidation of organic compounds 
ceramide metabolic process 
triglyceride metabolic process 
mitochondrial electron transport, NADH to ubiquinone 
glycerol ether metabolic process 
sphingosine biosynthetic process 
sphinganine biosynthetic process 
Cluster 2 
regulation of BMP signaling pathway 
translational elongation  
mRNA metabolic process 
rRNA processing 
transcription 
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DNA metabolic process 
regulation of long-term neuronal synaptic plasticity 
regulation of cellular biosynthetic process 
regulation of cell cycle 
positive regulation of gene expression 
nucleocytoplasmic transport 
negative regulation of post-embryonic development 
positive regulation of gene-specific transcription from RNA polymerase II pro-
moter 
positive regulation of transcription, DNA-dependent 
regulation of metabolic process 
macromolecule biosynthetic process  
positive regulation of nucleobase, nucleoside, nucleotide and nucleic acid meta-
bolic process 
regulation of gene expression, epigenetic 
regulation of macromolecule biosynthetic process 
mRNA processing 
ribosomal large subunit biogenesis 
negative regulation of transcription from RNA polymerase II promoter 
negative regulation of nitrogen compound metabolic process 
negative regulation of transcription 
negative regulation of biosynthetic process 
regulation of RNA stability 
positive regulation of cellular biosynthetic process 
gene expression 
cellular protein metabolic process 
mitotic spindle elongation 
nucleic acid metabolic process 
cellular macromolecule metabolic process 
cell cycle phase  
spindle organization  
primary metabolic process  




ribosome assembly  
mRNA stabilization  
RNA biosynthetic process  
ribosomal small subunit assembly 
RNA splicing 
mitotic cell cycle 
regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic pro-
cess 
regulation of gene expression 
regulation of transcription, DNA-dependent 
negative regulation of RNA metabolic process 
cellular nitrogen compound metabolic process  
positive regulation of macromolecule biosynthetic process 
RNA processing 
Cluster 3 
positive regulation of ubiquitin-protein ligase activity involved in mitotic cell cycle 
positive regulation of ligase activity 
positive regulation of protein ubiquitination 
negative regulation of ubiquitin-protein ligase activity involved in mitotic cell cycle 
negative regulation of ligase activity 
teasomal ubiquitin-dependent protein catabolic process 
anaphase-promoting complex-dependent pro 
regulation of protein catabolic process 
regulation of actin filament length 
cellular protein complex assembly 
cellular macromolecule metabolic process 
cellular macromolecule localisation 
positive regulation of macromolecule metabolic process 
regulation of apoptosis 
monosaccharide metabolic process 
negative regulation of protein complex disassembly 
imaginal disc development 
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establishment or maintenance of cell polarity 
macromolecular complex subunit organization 
actin filament polymerization 
glucose metabolic process 
protein localisation 
cellular macromolecular complex disassembly 
negative regulation of macromolecule metabolic process 
protein import into nucleus 
hexose catabolic process  
regulation of cell death  
protein depolymerization 
regulation of multi-organism process 
regulation of mRNA processing  
glycolsis 
alcohol catabolic process  
regulation of cellular metabolic process 
actin filament-based process 
vesicle coating 
cellular component disassembly 
regulation of cellular component biogenesis 
response to acid 
response to DNA damage stimulus 
regulation of cellular component organization 
regulation of actin filament depolymerization 
cardiac myofibril assembly 
germ cell development 
protein transmembrane transport 
microtubule cytoskeleton organization 
response to stimulus 
protein localisation in organelle 
alpha-beta T cell differentiation 





response to other organism 
regulation of cellular catabolic process 
primary metabolic process 
actomyosin structure organization 
negative regulation of microtubule polymerization or depolymerization 
activation of pro-apoptotic gene products 
leukocyte mediated cytotoxicity 
regulation of RNA splicing 
RNA localisation 
sexual reproduction 
anatomical structure formation involved in morphogenesis 
positive regulation of programmed cell death 
actin filament capping 
organ development 
nuclear mRNA splicing, via spliceosome 
RNA splicing, via transesterification reactions 
death 
negative regulation of protein polymerization 
regulation of response to biotic stimulus 
protein complex biogenesis 
cell motility 
regulation of cell shape 
leukocyte mediated immunity 
cell division 
positive regulation of cellular component organization 
cardiac cell development 
regulation of mitosis 
production of molecular mediator involved in inflammatory response 
post-embryonic morphogenesis 
regulation of establishment of protein localisation 
cell projection assembly 
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ameboidal cell migration 
tissue development 
intracellular protein transport 
regulation of alternative nuclear mRNA splicing, via spliceosome 
defence response to virus 
regulation of defence response to virus by virus 
regulation of biological process 
cellular carbohydrate catabolic process  
translational initiation  
negative regulation of organelle organization 
proteolysis 
regulation of actin filament-based process 
negative regulation of cellular process 
negative regulation of molecular function 
regulation of protein metabolic process 
regulation of cytoskeleton organization 
protein modification by small protein conjugation  
cell cycle process 
mitotic cell cycle 
regulation of protein modification process 
negative regulation of protein ubiquitination  
regulation of ubiquitin-protein ligase activity  
proteasomal protein catabolic process  
post-translational protein modification  
ubiquitin-dependent protein catabolic process  
macromolecule catabolic process 
negative regulation of cellular protein metabolic process  
regulation of catalytic activity  
actin filament organization  
cellular protein catabolic process 
positive regulation of molecular function  




modification-dependent macromolecule catabolic process  
macromolecule modification  
positive regulation of cellular protein metabolic process 
Cluster 4 
nucleosome assembly  
DNA packaging  
chromatin assembly or disassembly  
chromosome organization  
peptidyl-proline modification  
peptidyl-proline hydroxylation to 4-hydroxy-L-proline  
skin development  
acidic amino acid transport  
glycoprotein metabolic process  
anterior/posterior pattern formation  
regulation of embryonic development  
organic anion transport  
cholesterol metabolic process 
Cluster 5 
cellular ketone metabolic process  
organic acid metabolic process  
glutamine family amino acid catabolic process  
branched chain family amino acid catabolic process  
isocitrate metabolic process  
succinate metabolic process  
regulation of acetyl-CoA biosynthetic process from pyruvate  
cellular respiration  
lipid oxidation  
protein homotetramerization  
regulation of cofactor metabolic process  
glutamine family amino acid biosynthetic process  
metabolic process 
carboxylic acid catabolic process  
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cellular amino acid metabolic process  
small molecule catabolic process  
oxidation reduction  
generation of precursor metabolites and energy  
carboxylic acid metabolic process 
glutamate metabolic process  
amine catabolic process  
fatty acid metabolic process  
coenzyme catabolic process  
cellular lipid catabolic process 
cofactor biosynthetic process  
2-oxoglutarate metabolic process   
tricarboxylic acid cycle  
acetyl-CoA biosynthetic process 
fatty acid beta-oxidation  
succinyl-CoA metabolic process 
cofactor metabolic process  
lipid metabolic process  
acetyl-CoA metabolic process  
amine metabolic process  
cellular catabolic process 
Cluster 6 
ion transport  
metal ion transport  
response to copper ion  
regulation of smooth muscle cell proliferation  
chloride transport  
iron ion transport  
regulation of necrotic cell death  
response to retinoic acid  
drug transmembrane transport  




indole and derivative metabolic process  
intermediate filament organization 
indolalkylamine metabolic process  
negative regulation of cytokine production  
positive regulation of calcium ion transport  




In the present work essential steps of the replication cycle of influenza A virus 
were investigated. For this purpose a new imaging technique was established 
and a recently invented quantitative method for proteome studies applied. The 
presented results give new insights into the progress of viral replication and pro-
vide a deeper understanding of the viral-host interaction. 
In the first chapters a sequence specific technique for viral mRNA imaging in liv-
ing infected cells was introduced. This technique is based on the combination of 
PNA molecules with intercalating fluorophores. The most crucial advantage is 
that the fluorescent moiety apart from other probes is inserted as a base substi-
tution. This leads to the highly specific generation of fluorescence signals as-
signed to viral mRNA molecules. For the first time, viral mRNA was investigated 
in a sequence specific manner in mammalian cells using FIT-PNAs. 
To demonstrate the wide application spectrum of the presented technique influ-
enza A virus infection was further determined via FACS analysis and a VSV de-
rived transcript was studied in infected cells using a specific PNA probe. 
The last chapter focuses on the progression of influenza A virus translation and 
the viral impact on the host cell proteome. Both, the viral and the cellular prote-
ome were quantitatively assessed using mass spectrometry in concert with 
SILAC. The non-radioactive labelling of essential amino acids in newly synthe-
sized proteins enables a time-resolved quantitative study upon influenza A virus 
infection. The results provide detailed information about the impact of viral action 
on cellular processes and viral-host interactions during the early stages of replica-




Collectively, this work implies data on the influenza A virus replication which set a 
basis for computational modelling, the development of new antiviral strategies 
and a deeper understanding of the viral host-dependency.  
5.1 HYBRIDISATION AND FLUORESCENCE PROPERTIES OF FIT-PNAS 
PNA molecules exhibit a stronger binding affinity to RNA than RNA or DNA to 
their respective counterparts [150]. Nielson et al. 1994 explained this by pointing 
at the main structural property of PNA molecules which is the peptide backbone. 
Apart from DNA or RNA molecules PNAs are uncharged and thus lack the charge 
repulsion effect [159]. Moreover, the backbone substitution prevents endonucle-
ase mediated degradation [153] and thus provides a stable labelling during the 
imaging time range. The nuclease and protease resistance of the used FIT-PNA 
was assessed in cell lysate in the absence of the target sequence (see figure 12). 
The fluorescence of the FIT-PNA was virtually unchanged indicating that the 
structure was not destroyed by cleavage. The influence of nucleases was shown 
by measuring MB 2 under the same conditions. After 5 hours incubation in cell 
lysate, the fluorescence of this probe increased by more than 40% reflecting a 
strong decrease in sensitivity. Consequently, this experiment revealed the fa-
voured biostability of PNA molecules over DNA Molecular Beacons.  
FIT-PNAs possess a highly specific sequence discrimination shown by Socher et 
al. 2008 [182] in a study detecting single nucleotide polymorphisms in a real-
time PCR approach. This is in good agreement with the results of this work since 
the applied PNAs exhibited high sequence sensitivity. FIT-PNA 1b which was de-
signed to target a 17 bases in length sequence in the NA mRNA exhibits an 11-
fold enhancement in fluorescence intensity upon hybridisation with the artificial 
RNA target 3b (see 3.1.9). Even a 12-fold increase was reached for the meas-
urement at 60 °C with the DNA target 5 (see 3.1.9.). Previous studies with artifi-
cial target sequences reported a maximal possible enhancement by a factor of 20 
[170]. However, one has to keep in mind, that the quantum efficiency of the in-
tercalating fluorophore, thiazole orange and its derivates, strongly depends on 
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the environment. The five nucleic bases (thymine, guanine, cytosine, adenine, 
and uracil) produce distinct spatial properties which influence the position of the 
heterocycles and thus the basis for maximal fluorescence enhancement [172, 
173]. Whether there is a preference for the substituted nucleic base remains to 
be clarified. Jarikote et al. 2007 [180] provides clues for the PNA sequence de-
sign. But to date, the ideal sequence cannot be predicted theoretically due to the 
complexity of altering parameters like the interaction with neighbouring base 
pairs in combination with the sequence length. This effect is reflected by experi-
ments using the sequence of the swine H1N1/Mexico/2009 strain which is short-
ened in length but the remaining target is sequence identical and the analogues 
sequence of the H3N2/X-31 strain which exhibits seven continuous matched base 
pairs situated in close proximity to the TO base surrogate. While the FIT-PNA 1b 
hybridised to the H1N1/2009 target confirmed the high enhancement in fluores-
cence, it stayed virtually unchanged in combination with the H3N2/X-31 target 
sequence (see figure 11).  
PNA 1c (M1) showed a minor increase (factor 5.7) in fluorescence hybridised to 
the complementary artificial target sequence in comparison to the unspecific tar-
get sequence (factor 2) (see figure 34). One could argue that the TO and the BO 
do not share the same sensitivity properties caused by their varying structure as 
the BO lacks one carbon ring but the results obtained in living cells revealed a 
higher enhancement factor for the BO probe compared to the TO probe. The 
difference in sensitivity of PNA 1b and 1c is also not contributed to the nucleic 
base composition as for both probes the AT:GC ratio is 1.7. It is likely, that the 
position of the fluorophore plays a more sophisticated role for the sensitivity as 
demonstrated by the results in table 4, 5 and 6. For example, the estimated max-
imal enhancement factor of FIT-PNA 1d (L, VSV) was 3.4. But if the TO base sur-
rogate was shifted only one position to the N-terminal end it lost nearly 70% 
sensitivity (factor 1.1). In general, a centred position for the intercalating fluoro-




Moreover, one has to deal with the given target sequence possibilities in biologi-
cal applications, e.g. specific mRNA imaging in living cells. This limits the design 
of the PNA sequence. In this case the problematic issue is the accessibility of the 
target sequence for the detecting probe. Secondary structures of mRNA mole-
cules exhibit double stranded regions which produce single stranded loops as 
side effect. All PNAs used in this work were directed to single stranded regions of 
the corresponding mRNA species.  
Fang et al. 2010 [230] reported about a method to generate a native mRNA anti-
sense-accessible sites library (MASL) for designing mRNA imaging probes. This 
technique is based on the identification of antisense-accessible sites using RT-
ROL (reverse transcription with random oligonucleotides libraries). Albeit it is only 
demonstrated to work for mouse macrophages this technique provides for a 
powerful tool to simplify the PNA sequence selection.  
An essential drawback of FIT-PNAs is the low quantum yield of thiazole orange 
and its derivates (0.1-0.4) compared to fluorescent proteins (e.g. EGFP 0.6). 
However, the target specific increase in fluorescence enables the discrimination 
of bound and unbound probe. Fluorescent proteins in combination with the MS2 
technique are suitable for imaging of mRNA in yeast but tend to form aggregates 
resulting in false-positive signals [116].  
Notably, these assumptions on hybridisation and fluorescence features of PNA 
probes are based on measurements in buffered solutions excluding interfering 
factors which are present in living cells. These factors include binding of 
RNA/DNA binding proteins, false-positive signals evoked by competitive target 
sequences of cellular mRNA molecules and the cytosol itself creating the fluoro-
phore environment.   
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5.2 FIT-PNAS IN REAL-TIME QUANTITATIVE PCR 
In 1993 Kary Mullis was awarded with the Nobel prize in Chemistry for the inven-
tion of the polymerase chain reaction [231]. Essentially, this technique allows the 
amplification of any nucleic acid sequence generating identical copies. But for 
analytical purposes the original PCR was limited since the amount of the product 
was the same independent from the template concentration. Higuchi et al. 1992 
[232] improved the standard PCR enabling the simultaneous amplification and 
product monitoring during the course of the reaction. This is based on the detec-
tion of the increase in fluorescence of the reporter dye which is proportional with 
the amount of specific product. Among the several chemistries which have been 
developed TaqMan probes® and SYBR-Green I®  are the most common used de-
tecting agents [233].  
Typical applications for real-time qPCR include analysis of gene expression, 
chromosome aberration and single nucleotide polymorphism [234]. In this work 
the amount of influenza A virus NA and M1 mRNA per infected cell was deter-
mined based on a specific real-time qPCR. To enhance the detection specificity 
the reaction was performed utilizing the FIT-PNAs 1a and 1c which were de-
signed to target the NA and M1 mRNA, respectively, and were essentially used in 
mRNA imaging in living infected cells. This is a great advantage over Molecular 
Beacons [126, 148] or Locked Nucleic Acids [235]: although they can be applied 
to qPCR or imaging, a single probe is restricted to one application due to the fact 
that their functionality is temperature-dependent.  
For the qPCR approach performed in this work the primer pairs were designed to 
amplify a 101bp in length sequence in which the target region of the PNA was 
included. Therefore the increase in fluorescence of TO and BO correlated with 
the amount of specific product and enabled an accurate and sensitive quantita-
tive data analysis.  
Assuming a certain reaction efficiency (one doubling of molecules per amplifica-




the sample at the cycle of threshold was determined. The time course of samples 
0 – 8 h p.i. revealed a maximum of NA copy number at 4.5 h p.i. whereas for the 
M1 the maximal amount was reached 5 h p.i. (see chapters 4.1.3. and 4.2.2.). 
Despite this slight difference in both cases the amount stayed virtually constant 
until 7 h p.i. and decreased in the following. The lowering of the mRNA abun-
dance might indicate the switch from the transcription to the replication mode.  
Shapiro et al. 1987 [66] generally concluded that the synthesis of viral mRNAs 
largely determines the translation rate of the encoded proteins. Thus, alterations 
in the temporal appearance of individual mRNA molecules are surmised. Apart 
from the NS1 which was proved to be transcribed in the early phase of the viral 
replication cycle for NA and M1 only a slight difference in the onset of transcrip-
tion was determined. Notably, based on a rough estimation of the maximal 
amount of an mRNA species per infected cell revealed a higher concentration for 
M1 (~106 copies/infected cell) compared to NA (~105 copies/infected cell). This is 
in good agreement with the viral particle composition: approximately 3000 copies 
of M1 form the viral core, while only 100 molecules of NA are embedded in the 
viral envelope [236]. 
Summarizing, it can be surmised that the amount of a particular mRNA is more 
crucial for the encoded viral protein abundance than a temporal control of the 
transcript synthesis.  
These results may not exclude alterations evoked by strain specificities and cell 
population heterogeneity. The variability of the studied biological systems gives 
rise to considerable uncertainty. That is why these data cannot be in detail relat-
ed to other influenza A virus strains or cell lines. In fact the time course gives an 
impression of the dynamics of the infection and the amount of produced viral 
mRNA. This point requires further studies concerning the remaining influenza A 
segments which might reveal larger differences in temporal progression and 
mRNA concentration in infected cells. 
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Moreover the application of single cell PCR approaches to the determination of 
mRNA copy numbers might reveal variations in infection efficiency and progres-
sion due to cell heterogeneity. 
5.3 PARALLEL IMAGING OF VIRAL mRNAS IN LIVING INFECTED CELLS 
To date, most insights in nucleic acid research in living systems are based on two 
techniques which focus on a sequence specific detection in concert with a fluo-
rescence signal increase: the MS 2 technique [114, 115] and Molecular Beacons 
[125]. Indeed, these strategies are limited to special applications (e.g. imaging in 
yeast) or exhibit certain disadvantages (e.g. susceptibility to nucleases), respec-
tively. The introduction of FIT-PNAs [170] into the field of mRNA imaging in living 
cells improved the method spectrum. The FIT-PNA technique is neither restricted 
to a certain cell type nor suffering from drawbacks which other probes are faced 
with [116, 147, 148]. 
In the present work for the first time FIT-PNAs were employed for viral mRNA 
imaging in living infected cells using CLSM [183]. 
In living influenza A virus infected MDCK cells FIT-PNA 1b showed a 4.5-fold in-
crease in fluorescence at 4.5.h p.i. upon binding to the NA mRNA target se-
quence. Control experiments with non-infected and SFV infected cells confirmed 
the high sensitivity of the probe as in these samples no significant fluorescence 
was detected (see chapter 4.1.6). These findings revealed that the increase in 
fluorescence of FIT-PNA 1b was due to target hybridisation and not evoked by 
the binding of proteins or unspecific hybridisation to any viral mRNA.  
A second influenza A virus mRNA species was targeted by a PNA molecule carry-
ing BO as intercalating fluorophore. This M1 specific PNA 1c reached an en-
hancement of 6.97 at 5 h p.i. in comparison to the non-infected control. The re-
sult deviated to the measurement with the complementary artificial target RNA 
furnishing only a 5.7-fold increase. As discussed afore previous studies provided 




intercalating dyes. Svanvik et al. 2001 [237] determined the quantum yield influ-
encing factors of TO using light-up probes which demands to be further assessed 
for the remaining TO derivates. Importantly, both probes show comparable fluo-
rescence enhancement factors upon specific target binding enabling simultane-
ous detection of the NA and M1 mRNA species in the same cell (see chapter 
4.1.6 and 4.2.3). To date, imaging of mRNA in living cells was restricted to one 
sort of mRNA molecules. With the help of the FIT-PNA technique alterations in 
localisation, transport or turnover-rates of different RNA molecules can be inves-
tigated including dynamic processes in living cells. In particular, this is of great 
relevance for the understanding of viral-host interaction and the mechanisms 
behind viral hijacking of host cell processes. 
For this purpose, the emission range of TO and BO were adjusted to prevent 
cross-talk between the two emission channels. TO was measured from 510 nm to 
540 nm individually and from 530 nm to 600 nm in combination with the BO 
probe. Because TO has its emission peak at 530 nm, the shift did not dramatical-
ly influence the brightness of the probe. BO emission was recorded from 470 nm 
to 500 nm in individual measurements but was shifted 10 nm to lower wave-
lengths with negligible impact on the fluorescence intensity.  
Whether the derivates of TO besides BO, oxazole yellow (YO) and thiazole pyri-
dine (MO) (see chapter 4.3.1, figure 30), provide for the same applicability in 
PNA molecules remains to be clarified. It is likely, that several combinations 
might be problematic due to fluorescence interference effects. Therefore the ad-
justment of the recorded emission range has to be performed careful to prevent 
cross-talk between the emission channels.  
Simultaneous CLSM imaging of the NA mRNA and the M1 mRNA upon influenza A 
virus infection 5 h p.i. in living cells revealed alterations in the fluorescence pat-
terns. Despite the observation of a certainly not homogenous distribution in both 
cases, for the M1 mRNA distinct regions of increased fluorescence were detected 
(see figure 32, white arrows).  
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This leads to the assumption that the heterogenous distribution of the NA and 
M1 mRNA is based on a certain localisation due to regulatory and economical 
reasons. Martin et al. 2009 [211] reviewed the localisation of cellular mRNA mol-
ecules in distinct subcellular compartments. The viral replication is a fine tuned 
process which requires temporal and spatial control of gene expression. There-
fore a controlled localisation of viral transcripts at the rough endoplasmatic re-
ticulum or polysomes to enhance the translation rate of viral transcripts could be 
surmised.  
This is also reflected by the work of Davey et al. 2011 [80] who described a 
mechanism how viruses hijack for example the host intracellular transport ma-
chinery (see Introduction). It is assumed that viruses mimic cellular motifs, 
named SLiMs (short linear motifs), as proved for the influenza A protein PB2 
mimicking the nuclear localisation signal of the cellular importin ɑ to enter the 
host nucleus and for NS1 to alter the host immune response [80].  
In respect to the described binding activity of the NS1 to a wide range of RNA 
molecules [54] and the influence on the cellular mRNA export as well as viral 
mRNA translation [57, 58] it is conceivable that the NS1 controls also the 
transport and localisation of the viral mRNA molecules by entering host cell pro-






Figure 42: Overview of SLiMs roughly classified by function. (modified from Davey et al. 
2011) The numbering scheme corresponds to the examples provided in Davey et al. 
2011. Motifs which are used by influenza A protein PB2 and NS1 to interact with cellular 
proteins are highlighted in red.  
 
Besides that, viral mRNA is assumed to hold a key position in the influenza A 
virus infection induced host cell apoptosis as described previously by Morris et al. 
1999 [238]. Induction of apoptosis after the last round of progeny virus synthesis 
may prevents reinfection of cells already been infected [209]. The ability to ad-
just the efficiency of infection by regulating transcription and replication gives 
important clues on the virulence and pathogenicity of pandemic influenza A 
strains. The FIT-PNA technique can be used to study the temporal and spatial 
progression of transcription and is therefore the method of choice. 
A comparison of the images acquired with FIT-PNA 1b in influenza A infected 
MDCK cells 4.5 h p.i. (see chapter 4.1.6) and 5 h p.i. (see chapter 4.3.2) revealed 
a difference in the fluorescence signal localisation. At 4.5 h p.i. the signal was 
mainly concentrated in the nucleus whereas at 5 h p.i. it appeared more cyto-
solic. This demonstrates the dynamics of the mRNA localisation and will be fur-
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ther assessed in ongoing studies in terms of real-time monitoring of single infect-
ed cells. In contrast, MBs enter the nucleus but accumulate there due to binding 
of RNA/DNA binding proteins. Therefore they are not longer capable for further 
target detection in the cytosol and are not suitable to monitor viral mRNA 
transport in living infected host cells. 
Whether the binding of the PNA has an impact on the lifetime of the viral tran-
script or the translation efficiency into viral proteins requires further investigation. 
Previous studies in nuclear medicine described antisense-strategies with PNA 
molecules [152, 154] and thus, demonstrated the applicability of PNAs as anti-
sense agents. It is likely, that the underlying mechanism of the eventually pro-
duced gene knock-down is comparable to that of small interfering RNAs or micro 
RNAs [83, 88]. 
Nevertheless, the risk to modify the native localisation, transport and dynamics of 
(viral) mRNA is not given as it occurs by using GFP tags in tandem repeats (MS2 
technique). Hence, the fluorescent probe is very small and does not require mo-
lecular modifications of the target or the transgenic expression of the selected 
gene leading to a non-physiological over-expression. With the help of the FIT-
PNA technique the mRNA progression can be followed in real-time in living cells.  
A crucial aspect in working with PNA molecules is the transfer into the cytosol of 
living cells. Due to their uncharged character [150] PNAs do not interact with 
standard transfection reagents in which the binding to the shuttle agent is based 
on electrostatical effects (e.g. Lipofectamine, Invitrogen). In this work a sufficient 
PNA delivery was carried out utilizing streptolysin O mediating a reversible plas-
ma membrane penetration (see chapter 3.2.2.3). For MDCK cells this method did 
not reduce cell viability as shown with a cell viability test using propidium iodide 






5.4 IMAGING OF VIRAL mRNA IN FIXED CELLS  
Apart from epithelial derived cell lines (MDCK) exhibiting strong connections to 
neighbouring cells, fibroblasts lack intercellular adhesion and thus were not able 
to survive the SLO mediated plasma membrane permeabilisation. For the present 
study of VSV L mRNA, the BHK-21 cells were subjected to fixation and Triton X-
100 treatment to deliver FIT-PNA 1d into the cytoplasm. Cell-penetrating pep-
tides (CPPs) might be an attractive tool to solve the delivery problem into living 
cells concerning fibroblast or SLO sensitive cell lines. Liu et al. 2010 [239] sug-
gested CPPs for the transfer of quantum dots (luminescent semiconductor nano-
crystals) in biomedical approaches whereas Shim and Kwon et al. 2010 [240] 
described CPPs for the targeted delivery of siRNAs in vivo. CPPs are short pep-
tides enriched in basic amino acids that penetrate the plasma membrane in a 
receptor- and energy-independent manner. Octa-arginine or nona-arginine 
achieved the highest delivery efficiency in this context [241]. The peptide can be 
linked covalently or non-covalently to the cargo and showed minor cytotoxicity 
[242]. Due to their peptide backbone PNA molecules can be easily modified with 
additional peptide chains. Thus, it is highly recommended to test the applicability 
of CPPs to the delivery of PNA molecules. 
Besides the drawback that imaging in living cells could not be carried out, inter-
esting information about the progression of the VSV L mRNA were acquired (see 
chapter 4.4.2., figure 36). At 60 min p.i. the fluorescence of TO increased in 
comparison to the starting point (0 min p.i.). The quantitative analysis revealed 
that the high fluorescence signal stayed constant for approximately 30 min and 
decreased in the following samples (until 150 min p.i.). Although the enhance-
ment factor was low the high sensitivity of the probe generated a clear discrimi-
nation to the non-infected and the SFV infected controls showing no significant 
increase in fluorescence (see chapter 4.4.2., figure 36).  
To date, apart from the pathological characteristics and clinical signs less is 
known about the temporal progression of VSV replication. Investigation of the L 
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mRNA in BHK-21 cells gave first insights into the time course of VSV transcrip-
tion. Interestingly, the production of this particular VSV mRNA was detected ap-
proximately 1 h after infection. This is much faster compared to the results ob-
tained for influenza A virus where the mRNA synthesis started approximately 3 h 
p.i. This brings up two questions: Why is the VSV transcription faster compared 
to influenza A virus? And what are the mechanisms behind? 
The present data just allow speculations as detailed information about the tem-
poral progression of VSV replication are lacking. Whether the VSV exhibits a 
more efficient entry or uncoating process leading to an earlier onset of transcrip-
tion or the polymerases differ in their function remains to be clarified. Thus, since 
in general the genome composition of VSV (non-segmented) and influenza A 
virus (segmented) differ from each other it is conceivable that this causes the 
alteration in transcription rate. Another aspect one has to keep in mind is the 
amount of novel synthesized virus particles determining the abundance of viral 
proteins and thus the transcription rate. 
Generally, although BHK-21 and MDCK cells are both of mammalian origin it has 
to be assumed that these cell lines differ in their biological status which might 
result in variations in infection progression.  
5.5 GLOBAL PROTEOME ANALYSIS OF INFLUENZA A VIRUS INFECTED MDCK 
CELLS USING SILAC 
SILAC is a simple and accurate approach for expression proteomics on a systems 
level enabling an automated simultaneous identification and quantification of 
complex protein mixtures [186]. In contrast to ICAT (isotope-coded affinity tag) 
labelling which is the most well established method in quantitative proteomics by 
mass spectrometry to date, SILAC does not require multiple fractionation and 
affinity purification steps and is therefore suitable to small amounts of proteins 
and the direct comparison of varying states [186]. This is crucial for the present-




Assuming that after a certain number of cell doublings, each argine and lysine 
will have been replaced by its isotopic analogue, MDCK cells were tested for the 
efficiency of incorporation. The measurement revealed an incorporation of 
~99.8% for cells maintained seven passages in SILAC medium (data not shown). 
As there is no chemical difference between the labelled and the natural amino 
acids the cells behaved exactly like a control cell population.  
The SILAC technique was readily applied to the determination of muscle cell dif-
ferentiation [186], phenotypic comparison of immortalized cell lines with their 
cognate primary cells [194] and investigations of the impact on the host cell pro-
teome upon virus infection [200, 202]. 
In the present work SILAC was applied to compare the gene expression profile of 
influenza A virus infected and non-infected MDCK cells on a proteome level. In 
particular, the viral impact on the host proteome was investigated in the first 
stages of the infection in an 8 h time-scale. Hence, this study focuses on the in-
fluence on viral transcription and replication as well as cellular antiviral processes 
it is not expected to identify host factors involved in virus assembly, budding or 
release.  
The functional phenotyping of the MDCK proteome after 8 h p.i. provided an un-
biased global portrait of representative biological functions (see figure 39). The 
most prominent category of proteins expressed at higher levels in influenza A 
infected MDCK cells were related to inflammatory response, induction of apopto-
sis, immune effector processes, intracellular protein transport and actin cytoskel-
eton organisation (see also figure 40, cluster 3). Biologically, these reactions co-
incide with the expected processes in an infected cell and are in good agreement 
with the findings of a previous study on influenza A virus (A/PR/8) infection in 
human lung A549 cells at 24 h p.i. [243]. On the one hand the virus hijacks the 
cellular transport machinery and induces cell death as assumed by Davey et al. 
2011 and Morris et al. 1999, respectively [80, 238]. On the other hand, the at-
tacked cells recruit defence mechanisms. These proteins responsible for antiviral 
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response were graphed in figure 41 C illustrating the abundance progression in 
detail. Surprisingly, most of the proteins showed no drastic alterations in protein 
level over the whole time-scale indicating that they are either activated after 8 h 
p.i. or completely not included in this specific defence reaction. Further, it is con-
ceivable to surmise that they were blocked by viral host-shutoff processes. 
Other proteins like SERPIN B6, CAD and SF1 increased by more than 2 magni-
tudes in protein abundance until 8 h p.i. SERPIN B6 belongs to the serpin super-
family and controls inflammation and tumor suppression. Cathepsin G, an antivi-
ral agent in neutrophilic polymorphonuclear granules, is one of its targets [226]. 
CAD (carbamyl phosphate synthetase II, aspartate transcarbamylase, and dihy-
dro-orotase) catalysis the first 3 steps of the pyrimidine biosynthesis and SF1 
regulates the splicing of distinct cellular mRNA molecules. The most impressive 
pattern in the recorded abundance change was shown for the ZER 1 protein with 
a fast decrease after 2 h p.i. over 4 magnitudes. It recruits the ubiquitin ligase 
complex while interacting with CUL-2 inducing ubiquitination of special substrates 
including transcription factors. Whether this has any antiviral effect cannot be 
ruled out by the given data set but enrichment of proteins related to ubiquitina-
tion was already identified by König et al. 2010 [82] employing an arrayed short-
interfering RNA screen of 19,000 human genes.  
The reduction of specific host proteins as shown in the functional cluster 1 and 6 
(see figure 40) representing mainly cellular lipid metabolism and ion homoeosta-
sis, respectively, might be contributed to the enhanced abundance and thus, ac-
tivity of proteasomal proteins which were assembled in cluster 4.  
The host cell gene expression is critical for influenza A virus replication since the 
cap structures of polymerase II transcripts are required for priming of viral tran-
scription and the cellular splicing machinery is crucial to produce the alternative 
splicing variants M2 and NS2 (NEP) [243]. This is reflected by the strongly regu-
lated abundance of proteins assigned to cluster 2 (see figure 40) during the in-




positive regulation of transcription from polymerase II promoters correlates with 
the availability of cap structures this finding is in perfect accordance with the 30 
– 60 min delayed maximal concentration of NA and M1 mRNA molecules (please 
review chapter 4.1.3. and 4.2.2.) estimated for influenza A virus infected MDCK 
cells.  
Moreover, the influenza A virus proteins (except the M2 protein) were included in 
this proteomic study. Generally, the level of a certain viral protein logically corre-
lates with its function during the replication cycle or the required copy number 
present in progeny virus particles: For the NP and the NS1 a strong increase in 
abundance was revealed in the first 2 hours of infection. This is in good agree-
ment with the corresponding function as the level of NP is assumed to regulate 
the switch from the transcription to the replication mode and the NS1 activity is 
surmised to impede cellular antiviral defence mechanisms [32, 59]. Contrary, the 
PB1 and NA protein increased slightly in abundance over the whole measured 
time-range. Caused by the fact that these proteins are not responsible for regula-
tory mechanisms during the viral replication there might be no requirement for a 
highly controlled translation rate (for details please review Introduction). Highly 
abundant structural proteins like the HA and the M1 [236] showed a comparable 
linear progression until 8 h p.i. but with larger slope resulting in a three-times 
higher protein amount.  
It has to be admitted that the impact of physiological alterations in the cell`s 
protein expression cannot be excluded for all presented results. This effect is 
assessed in ongoing studies investigating also samples of influenza A virus in-
fected MDCK cells 8 – 12 h p.i. and non-infected cells over the same time-range. 
Besides, it is likely, that by far the majority of the discussed issues concerning 
influenza A virus induced modifications of the host cell proteome will be verified 
in further studies. 
Summarizing, SILAC is the method of choice for detailed investigation of dynamic 
protein progression during infection as it provides for reliable results and includes 
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also less abundant proteins which are difficult to detect in less sensitive detection 
methods like ICAT, ICC or Western Blotting. Besides, no chemical modifications or 
specific antibodies are required enabling a high throughput analysis of thousands 
of proteins in parallel. Thus, abundance alterations caused by biological varia-
tions of samples are minimized making a direct comparison of differently treated 
samples possible. The presented experimental strategy is improvable by choosing 
the time point 8 h p.i. as reference. It is likely, that the usage of 1 h p.i. as refer-
ence value implied aberrations concerning the exact viral protein amount caused 
by inaccurate protein determination. Therefore the above presented data inter-
pretation is based on the overall relation of the viral proteins to each other and 
not on detailed numerical values.  
The field of proteomics is becoming more quantitative than qualitative [205] en-
larging the obtained data sets wherein thousands of details are included compli-
cating the causal interpretation. Therefore, if specific antibodies are available 
targeted studies on specific virus-host interaction partners identified in previous 





CONCLUSION AND FUTURE PERSPECTIVES 
The present work includes new insights into the transcription and translation of 
the influenza A virus and points the way to an quantitative and temporal charac-
terization of new as well as previously described virus-host interaction pathways 
and hypotheses behind the mystery how viruses control cellular processes.  
Apart from a previous proteomic study using SILAC to analyse the global changes 
in host protein abundance upon influenza A virus infection [244] 12 h p.i. this 
work revealed a strong regulation of distinct proteins rather than a complete de-
crease in host cell protein levels. In particular, the dynamics in protein expression 
during the first 6 to 8 h of the viral infection (see figure 40) indicate strong viral 
host interaction mechanisms where the virus hijacks cellular processes and re-
sources to efficiently replicate. The question how the in this work identified 
strong regulation of antiviral response proteins like SERPIN B6, CAD, SF1 and /or 
ZER 1 is controlled and imbedded into this interaction network remains to be 
further investigated. 
The innovative FIT-PNA technique enables detailed temporal, spatial and quanti-
tative investigation on different viral mRNA molecules in living cells simultaneous-
ly. This sequence specific method is applicable to a wide range of viruses, in par-
ticular with mRNA intermediate step, and nucleic acid variants. The relevance of 
these probes for nucleic acid imaging is reflected by the article in ChemBioChem 
written by Jens Tilsner and Cristina Flors 2011 [245] highlighting our publication 
on influenza A virus mRNA imaging in living infected cells using FIT-PNAs [183]. 
They assume that studies in cellular complex environments benefit from the high 
specificity and increased sensitivity of FIT-PNAs and conclude that these probes 
might be suitable for single-molecule approaches. 
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For the first time a time-resolved analysis of the cellular and viral proteomic dy-
namics in the early stages of influenza A virus infection in MDCK cells was per-
formed. The recently by Schwanhäußer et al. 2009 [246] described pulsed SILAC 
technique might improve the flexibility and temporal resolution. This method en-
ables the direct and quantitative determination of protein translation and turno-
ver rates on a proteome-wide scale. In concert with data obtained from single 
cell studies using FIT-PNAs this global approach might complete an overall de-
scription of the host and influenza A proteome dynamics in time and space.  
Further studies could focus on the detailed analysis of functional protein phos-
phorylation, nucleic and cytosolic protein fractionation, other cell types and virus 
strains. In particular, pandemic variants compared to seasonal flu causing strains 
might identify unique features of highly pathogenic viruses and help to improve 
antiviral therapies.     
Whether the presented results obtained in an immortalized cell line can be ap-
plied to the in vivo situation remains to be clarified. Pan et al. [194] ruled out 
that the lack of tissue architecture and a heterogeneous population of different 
cell types in cell culture generally impedes cell-cell interaction and other functions 
based on tissue context. Therefore cells in culture might acquire a molecular 
phenotype varied from cells in vivo that requires a careful choice of the most 
appropriate experimental system.   
An improvement of the quantitative analysis to determine the fluorescence inten-
sity of FIT-PNAs in cells might be achieved by automation of the measurement. 
This requires the identification of cells by the software and the recognition of cell 
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and enthusiasm. What we share is simply wonderful. Thousand thanks! 
 
And in the end I apologize for being so emotional:  
For me a more than 15-year-old dream became true – and now it`s time for new 
ones! 
  




Hiermit erkläre ich, die vorliegende Arbeit selbständig ohne fremde Hilfe verfasst 
und nur die angegebene Literatur verwendet zu haben. Ein Teil der beschriebe-
nen Ergebnisse wurden in Zusammenarbeit mit Frau Dr. Andrea Knoll, Herrn Dr. 
Björn Schwanhäußer und Herrn Max Flöttmann erzielt. Diese sind entsprechend 
gekennzeichnet. 
Ich besitze keinen entsprechenden Doktorgrad und habe mich anderwärts nicht 
um einen Doktorgrad beworben. 
Die dem Promotionsverfahren zugrunde liegende Promotionsordnung vom 
01.09.2005 ist mir bekannt. 
 
 
Susann Kummer 
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